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Low temperature photo luminescence from GaAs.. P crystals implanted1”X x
with nitrogen and neon has been studied. The implanted nitrogen produced 
photoluminescence spectra confirming the presence of the nitrogen isoelec- 
tronic trap after appropriate annealing. Implanted neon did not produce 
luminescent centers.
Both nitrogen and neon implantations introduced lattice damage 
which severely degraded photoluminescence efficiencies prior to annealing. 
High temperature annealing was required to remove the effects of the implan­
tation damage and produce optical activity of the implanted nitrogen atoms. 
Isochronal and isothermal anneals were investigated to characterize the 
annealing processes. Anneal temperatures of 950° C and 1000° C were required 
for optimum photolumine seence results. Deposited films of SiC^ were necessary 
to prevent decomposition of the GaAs-^^P^ t^ le annea-ls°
In crystals with compositions in the direct bandgap region, cer­
tain implanted nitrogen concentrations produced more efficient luminescence 
than nonimplanted, N-free crystals. In addition, nitrogen concentrations 
greater than solid solubility were realized, as determined by the spectral 
characteristics of the photoluminescence. In crystals with indirect bandgap 
compositions, luminescence from nitrogen implanted crystals compared 
favorably in intensity with crystals doped conventionally with nitrogen.
Implantations into heated substrates were investigated, with 
inconclusive results. The effects of different annealing ambients were
studied. Gallium outdiffusion was found to degrade photoluminescence 
efficiency, whereas arsenic vacancy formation aided nitrogen substitution.
Photoluminescence depth profiles were obtained using calibrated 
etching techniques. The implanted optically active nitrogen profile 
corresponded well to the theoretically predicted profile. Enhanced 
indiffusion of nitrogen from the crystal surface was discovered in 
crystals which had been damaged by a neon implantation.
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11. INTRODUCTION
Ion implantation has achieved a position of commercial importance
in the fabrication of silicon semiconductor devices and integrated circuits.
Correspondingly, ion implantation in silicon has been extensively studied,
1-4and the properties of implanted silicon have been well characterized*
However, ion implantation in compound semiconductors has received much 
less attention. As a result, knowledge of the properties of implanted 
compounds is incomplete.
The technology of device fabrication in III-V compound semicon­
ductors suffers from several problems which may be bypassed with the 
application of ion implantation techniques. Impurity diffusions frequently 
require temperatures high enough to cause crystal decomposition unless 
closed tube methods are employed. Consequently, the resulting impurity 
concentrations, junction depths, and dopant uniformity are difficult to 
control. In addition, the closed-tube diffusion technique is inconvenient 
for large volume applications. Passivation and masking are difficult and 
many common dopants diffuse rapidly through the usual passivating films. 
Certain important impurities have low solid solubilities and small diffusion 
coefficients which limit the impurity concentrations that may be incorporated 
during crystal growth or diffusion.
Ion implantation offers potential solutions to each of these 
problems. Since implantation is essentially an athermal process, problems 
of passivation, low solubility, and small diffusion coefficients would seem 
to be surmounted. The depth profile and uniformity of the implanted 
impurity can be accurately controlled. And implantation is well suited
2to large volume applications.
Implantation, however, always introduces lattice disorder. High 
temperature annealing is usually required to remove this disorder and place 
the implanted impurity atoms on active substitutional sites. Also, since 
most compound semiconductor substrate and impurity atoms have relatively 
high atomic numbers, the depth profiles of the implanted atoms are quite 
shallow compared to the usually employed diffusion depths.
The present research is primarily an investigation of the optical 
properties of ion implanted nitrogen in GaAs, P . Nitrogen forms an
1 “ X  X
isoelectronic trap in GaAs P in both direct and indirect bandgap
1""X X
compositions. The nitrogen impurity is conventionally incorporated into 
the crystals during vapor epitaxial growth; and since attempted N diffusions 
in GaP and GaAs.. P have been unsuccessful» ion implantation provides
■L “ X  X
a needed alternate method for introduction of controlled N concentrations.
In addition, the technological importance of N-doped GaAs.. P light
J-*“X  X
emitting diodes makes this an attractive area for implantation research.
3
2. ION IMPLANTATION IN COMPOUND SEMICONDUCTORS
2.1 Summary of the Implantation Process
Detailed discussions of the ion implantation process have 
recently become available. ^ For this reason, only a brief summary of 
the pertinent aspects will be given here.
Basically, implantation consists of producing ions of the 
desired element, accelerating them to impart sufficient kinetic energy, and 
directing them uniformly onto a substrate. These high energy ions penetrate 
the substrate surface, coming to rest in a distribution which is determined 
by the energy of the ions, masses of ion and substrate, substrate density, 
and other factors. The incident ions lose energy through electronic and 
nuclear interactions with the substrate atoms. These atomic collisions 
produce radiation damage which is unavoidable during implantation.
Qualitatively, an incident ion may impart sufficient energy to 
a crystal substrate atom to displace it from its lattice site. This displaced 
atom may then initiate a cascade of atomic collisions. Furthermore, the 
ion may have not given up its entire kinetic energy in the initial collision, 
but may go on to initiate further*cascades. This chain of events leads to 
a distribution of vacancies, interstitial atoms, vacancy clusters, or more 
complex lattice disorder along the ion track. As the number of incident 
ions increases (i.e. an increase in fluence or dose) these individual 
disordered regions begin to overlap, producing a quasi-amorphous layer.
After giving up its kinetic energy to the lattice, the implanted ion may 
come to rest at an interstitial or other non-regular lattice site.
4Since the purpose of implantation is to place impurities on 
electrically or optically active substitutional lattice sites in a damage- 
free crystalline substrate, the radiation damage produced during the 
implantation process must be removed. Thermal annealing is employed to 
restore the crystallinity of the substrate and to produce the character­
istic electrical and optical properties of the implanted impurity atoms.
2.2 Analysis Techniques for Implanted Compounds
Characterization of ion implanted semiconductor crystals 
requires information about the amount and distribution of lattice disorder, 
the depth profile and lattice location of the implanted impurity atoms, 
and the electrical or optical activity of the implanted atoms. Several 
different techniques have been applied to ion implanted compound semi­
conductors to obtain this information.
The channeling effect technique1 has been the most widely
employed method for determining the physical state of implanted compound
6-9semiconductor crystals. The relative degree of lattice damage and
depth distribution of damage can be obtained from channeling data. In 
addition, for impurity atoms heavier than the host lattice, the profile of 
the implanted impurity and the lattice location of the implanted atoms 
can be deduced. Although channeling is a powerful analysis technique, 
there are limitations on the sensitivity of the technique in determining 
relatively light lattice disorder. Lattice location determination measure­
ments are not sensitive to local lattice-site distortions and strain which 
may result in electrical or optical inactivity. Thus annealing data 
determined by channeling may not correlate with the observed electrical or
5optical characteristics of the implanted crystal.
Other techniques which have been used to characterize lattice
9 10damage include below-gap optical absorption} ’ ultraviolet optical 
9,11reflectance, ’ and the electron channeling pattern (Coates-Kikuchi
11,12pattern) technique using a scanning electron microscope. These
techniques have a sensitivity to lattice damage approximately equivalent
9 11to proton or helium ion channeling experiments. 5 Thus all these methods
are useful for characterizing rather gross lattice damage, but are
insensitive to residual damage that may have important consequences for
the electrical or optical properties of the implanted crystals.
Electrical measurements have been extensively investigated in 
13-15implanted III-V compounds; and, of course, such measurements are
indispensable when electrical properties are of interest for device
applications . The electrical activity of implanted impurities is sensitive
to the crystal damage and local distortions surrounding the substitutional
sites. However, the implantation process also introduces electrically
active defects, which make interpretation of electrical measurements 
16difficult.
In order to overcome some of the inherent limitations in
channeling and electrical measurements, attention has been turned to
optical techniques for characterizing ion implanted compound semiconductors.
Infrared localized vibrational mode absorption measurements have been
applied with some success in determining the substitution of implanted
17 18impurities into the host latticq * but the results may be difficult
to interpret in some cases 19
6Photoluminescence (PL) is a particularly powerful technique for
evaluating ion implanted layers. Since the incident photons excite electron-
hole pairs mostly within an absorption length of the crystal surface, the
majority of recombination occurs within the shallow implanted layer,
producing light emission characteristic of the implanted region. The
light emission process is critically dependent on the absence of lattice
defects and local lattice-site distortions, so PL is extremely sensitive
to relatively light damage which channeling and other techniques fail to
detect. In addition, if the implanted impurity atoms are optically
active, then the effects of lattice damage and impurity substitution may
be separated. Combining PL and thin layer removal techniques allows
depth profiling of damage prior to annealing and depth profiling of the
optically active impurity atoms following annealing.
Photo luminescence has been used to assess implantation-induced 
, 20-23 9damage m  GaAs and GaP* The sensitivity of PL has been reported to
9be 100 times greater than for channeling or the other techniques. Shifts
in the PL spectrum of Zn implanted GaAs have been used to determine the
24substition and optical activity of the implanted atoms.
25Some optically active impurities, notably isoelectronic traps, 
produce characteristic and easily identified PL spectra. If such an 
impurity is implanted into a semiconductor, then observation of this 
characteristic spectrum confirms the presence of the implanted ions on 
active substitional sites, while the overall recovery of the intrinsic and 
impurity-induced luminescence affords a measure of the removal of lattice
damage.
7There have been several reports of implanted isoelectronic
impurity systems. Cathodoluminescence has been observed from Zn-0 pairs
26 27 28in oxygen-implanted zinc-doped GaP. Merz et al. s have studied photo­
luminescence from the implanted oxygen isoelectronic trap in ZnTe and 
deduced that only about 5% of the implanted atoms were optically active 
following annealing. The same group has studied the properties of the
implanted bismuth isoelectronic trap in GaP by both PL and channeling 
29-31techniques. Though their channeling results indicated a majority
of the Bi atoms were substitutional, the PL studies indicated that even
for the optimum dose and annealing conditions, only about 10% of the
implanted atoms were optically active. In a further investigation, Merz 
32et al. implanted nitrogen in GaP. Although absorption measurements 
indicated 20-40% of the nitrogen was substitutional, only about 1% PL 
efficiency (compared to conventionally doped material) was observed.
2.3 Nitrogen Implantation in GaAs., P
_______ ____________  _______ i"*X  x
Although all previous reports of ion implanted optically
active impurities had been unpromising, we have recently reported
efficient photoluminescence from the implanted nitrogen isoelectronic 
33,34trap in GaAs.. P 
1-x x The luminescent properties of the N-doped
GaAs.. P system are well known and will be discussed in detail in 1-x x 7
Chapter 3. Observation of the characteristic nitrogen spectrum in implanted 
material confirms the presence of nitrogen on optically active sub­
stitutional lattice sites. In addition, the efficient intrinsic 
luminescence in direct bandgap compositions affords a sensitive measure 
of the implantation-induced lattice damage. Thus this isoelectronic
8impurity system forms an ideal medium for a detailed investigation of ion 
implanted optically active impurities, using photoluminescence as the 
primary analysis technique.
The low temperature PL properties of nitrogen implanted GaAs-. JP  
are studied in both direct and indirect crystal compositions for 
different fluences and implant temperatures. Both isochronal and 
isothermal anneals are investigated, as well as effects of different anneal 
ambients. Neon implants are performed to check for the presence of 
optically active defects which could possibly be produced during implant­
ation.
Depth profiles for both implanted nitrogen and implantation- 
induced damage are probed using PL in conjunction with thin layer 
removal by chemical etching. An independent measurement of the implant­
ation-induced damage using the electron channeling pattern (Coates- 
Kikuchi pattern) technique is attempted. Synthesis of all these results 
should allow accurate characterization of the implanted nitrogen 
isoelectronic trap in GaAs. P
JL " X  X
93. RADIATIVE RECOMBINATION AND THE NITROGEN ISOELECTRONIC TRAP
3.1 Radiative Recombination in Direct and Indirect Semiconductors 
The properties of light emission from semiconductors are 
uniquely determined by the electronic energy band structure of the 
crystals. Semiconductors are classified as either direct or indirect, 
depending on the nature of the gap between the highest-energy valence 
band state and the lowest-energy conduction band state. If these
—4maxima and minima occur at the same wave vector, k, the semiconductor
—4is direct; if they occur at different k values, the semiconductor is 
indirect. Because of the translational symmetry of the perfect 
crystal lattice, both energy and crystal momentum must be conserved 
in electronic excitations. This requirement establishes the fundamental 
differences in absorption and recombination processes in direct and 
indirect semiconductors,
The energy band structure of GaAs, a typical direct semiconductor, 
is shown in Fig. 3.1. Both the valence band maximum (r^ ,.) and the 
conduction band minimum (r^) are located at k=0 in the reduced Brillouin 
zone. A set of subsidiary conduction band minima is located at the zone 
boundary (X^) in the equivalent (100) directions.
During the absorption process indicated in Fig. 3.1, a photon 
of energy hfju = Eg excites a valence band electron with wave vector k^
-4from the valence band into a final state k^ in the F conduction band 
minimum. Since the photon momentum (fojj/c) is small on the scale of the
■4 “4reduced zone, k r ~ k., and momentum is conserved in this vertical 
5 f — l
transition. Radiative recombination, the inverse process, occurs when
10
E - k , GaAs
Figure 3.1 Valence and conduction bands of GaAs, showing a momentum
conserving vertical transition induced by photon absorption. 
(After Wolford, Ref. 34).
11
a thermalized conduction band electron makes a vertical transition and
recombines with a hole in the valence band maximum, emitting a photon
with ha) - E • g
The energy band structure for GaP, a typical indirect semi­
conductor, is shown in Fig. 3.2. Again, the valence band maximum (r^) 
is at k-0, but the conduction band minimum (X^) occurs at the zone 
boundary. A subsidiary direct conduction band minimum (I1 ) is located 
at k = 0 .
In the absorption process, indicated in Fig. 3.2, a photon of 
energy E (X) < hw < (T) can not excite a vertical transition because
a change in both the energy and momentum of the electron is required. 
This more complicated non-vertical process may occur via an intermediate
I
virtual state (A or A ), whereby photon absorption must be accompanied 
by either the simultaneous creation or annihilation of a lattice
, . -> —i► —> —>vibrational phonon having wave vector q, where k^ ■ k. = q as required 
by momentum conservation. Similiarly, radiative recombination in 
indirect crystals occurs via diagonal transitions requiring phonon 
participation.
Radiative transitions in direct materials are first-order 
processes involving the matrix element (f[H’|i), where H f is the 
Hamiltonian for carriers interactive with photons and phonons. For 
indirect transitions the product of two matrix elements <(f!H 1 |A)
<A|H9|i) is involved, and a joint probability results for the entire 
process. Thus, the second-order radiative transitions in indirect 
semiconductors are much less efficient than the first-order transitions
12
Figure 3.2 Valence and conduction bands of GaP, showing a momentum-
conserving diagonal transition induced by photon absorption 
with simultaneous phonon absorption or emission. (After 
Wolford, Ref. 34).
13
[ooo] k=^ [lOo]
LP-807
14
in direct semiconductors.
3.2 Impurity-Induced Recombination
Real semiconductor crystals are not perfect - they contain
intentionally and unintentionally added impurities and defects. Crystal
imperfections may introduce energy levels within the forbidden gap which
induce recombination via intermediate states. For certain impurities,
to be discussed below, efficient radiative recombination may occur.
However, the recombination involving such states is more typically 
35 36nonradiative 3 or may result in photon emission at low energies which
37are not of interest. Recombination via such undesirable intermediate
states "robs" carriers that could produce near-bandgap emission and thus
reduces the radiative efficiency of the desired luminescence.
Certain crystal impurities may be effective in breaking the
translational symmetry of the:lattice, thus circumventing the momentum
conservation rule. Momentum may then be transferred directly to the
localized impurity without the necessity of phonon participation. Thus,
38by addition of suitable impurities, efficient "quasidirect" recombination 
and absorption processes in indirect semiconductors may result.
The most important property of an impurity in breaking the
39crystal symmetry is the range of the force which is exerted on a carrier. 
Charged impurities (donors or acceptors) exhibit a relatively long-range 
screened Coulomb potential, whereas neutral isoelectronic impurities 
produce a short-range potential. (An impurity which has the same 
valence electron structure as the host atom which it replaces in the
15
crystal is termed an isoelectronic substituent.) Both charged and neutral
impurities may create a bound state for carriers, but a carrier bound to
an isoelectronic trap is much more closely confined in real space to the
vicinity of the impurity, due to the short-range potential. Since Ar
and Ak are conjugate quantities, the Heisenberg Uncertainty Principle
dictates that the wavefunction of a carrier bound to an isoelectronic
impurity is thus spread over a large range of k values in momentum space.
Thus, the isoelectronic trap effectively breaks crystal symmetry. In
contrast, the k-space wavefunction of a carrier bound to a donor or
acceptor is confined to a small range of k values, making these
charged impurities ineffective in breaking the translational symmetry
of the lattice. Because of its short-range potential, the isoelectronic
trap is uniquely suited for producing efficient absorption and emission
39m  indirect semiconductors.
3.3 The Nitrogen Isoelectronic Trap in GaP
Nitrogen forms an isoelectronic trap in GaP and in the ternary
compounds GaAs, P and In Ga P. The properties of the N isoelectronic
trap in GaP will be discussed first, for historical reasons and because a
knowledge of this system is basic to understanding the N-trap in GaAs, P
1-x
The nitrogen isoelectronic trap in GaP was first identified by 
D. G. Thomas and co-workers in Substitution of N for P
produces a single electronic bound state comprised of conduction band 
states from throughout the first Brillouin zone, with a binding energy of 
~  1° meV . The short range potential responsible for the bound state is 
believed to arise from a combination of the difference in electronegativity
16
between N and P and the effect of strain fields produced by the large
lattice deformation at the site where a P atom has been replaced by a much 
¿j, 3 44smaller N atom. ’
Fig. 3.3 compares the radial wavefunctions R¥ for anr
electron trapped at a nitrogen isoelectronic trap in GaP to that of
an electron bound to the Coulomb potential of the shallow donor S in
GaP (binding energy ~ 100 meV). The potential for the N trap is assumed
oto be a square well of 2A range with 10 meV binding energy. The close 
spatial confinement of the N isoelectronic trap is quite apparent.
Fig. 3.4 displays the dependence of the probability density
2 2 
Ink) I on k for the two cases of Fig. 3.3. The expression for [Y(k)}
contains terms with denominators of the form E (k) - E_ , where E (k)
represents the conduction band energy as a function of k and E^ is the
energy of the impurity-induced bound state. Thus, the presence of the
subsidiary conduction band minimum at T increases the probability
45density near k = 0. This effect is called band structure enhancement.
The effect of band structure enhancement is evident in both
curves of Fig. 3.4, where the most significant difference for the
isoelectronic trap is the strong probability density at F, more than
100 times greater than the shallow donor. This large amplitude allows
electrons bound to the N isoelectronic trap to recombine vertically
with holes at the top of the valence band, thus producing a strong 
38"quasidirect" radiative process in the indirect GaP.
17
R (Angstroms)
LP-817
Figure 3.3 The radial wavefunction dependence of an electron of mass
0.35 m trapped at either a square potential well of range o 02A and binding energy 10 meV, or a charged impurity with a 
binding energy of 100 meV. (After Dean, Ref. 45).
11//
 (k
) I
18
Xi
Figure 3.4 The wavevector dependence of the probability density of an 
electron bound to an isoelectronic trap (N in GaP) and to 
a shallor donor (S in Gap), (After Bergh and Dean, Ref. 46).
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In addition to electron bound states associated with the
isolated N atom, there are bound states associated with pairs of N atoms
in GaP;N. The short-range potentials of two N atoms on adjacent P
sublattice sites overlap and produce a deeper electron bound state with
a binding energy of ~  100 meV. As the distance between a pair of N
atoms increases, the binding energy of the pair state asymptotically.
40approaches the binding energy of an isolated N atom. These pairs are
denoted NN^, } *NIL , corresponding to nearest neighbors, next
nearest neighbors, etc. For each pair separation, the relative abundance
can be calculated from crystal lattice geometry if the nitrogen atoms
41are assumed to be randomly distributed.
Optical absorption in GaP is dramatically enhanced by the 
presence of nitrogen. The near bandgap absorption of GaP:N is compared 
to intrinsic interband absorption in Fig. 3.5. The strong, sharp peak 
at 2.317 eV is called the A-line for historical reasons and is due 
to the photocreation of bound excitons at the isolated N atoms. 
Absorption of the photon excites a valence band electron which 
then becomes trapped at the isoelectronic N atom. Then the Coulombie 
attraction of this negatively charged center attracts the hole, forming 
a bound exciton. Absorption is also enhanced at higher energies due to 
formation of no-phonon free excitons and free electron-hole pairs with 
momentum conserved by electron scattering at the N centers. Absorption 
on NN pair states is seen weakly below the A-line. In the absence of N 
doping, the intrinsic absorption is dominated by phonon assisted indirect
a 
(C
M
'1
)
20
Figure 3.5 The 2°K fundamental absorption edge of undoped GaP and of
18 “3GaP doped with N to 7 x 10 cm . (After Hopfield et al., 
Ref. 47).
21
transitions.
17
Methods for determining the nitrogen concentration in GaP:N
41,48crystals have been based on measurement of the A-line absorption.
However, recent measurements of nitrogen concentrations by nuclear
reaction techniques have shown that the formulas for obtaining the
nitrogen concentration from absorption measurements have overestimated
49the N concentration by a factor of approximately five.
The dominant recombination mechanism in GaP:N is radiative
decay of excitons bound to isolated N atoms and NN pairs. The 4.2° K
photoluminescence spectrum for GaP doped lightly with nitrogen (N < 10 
-3cm ) is shown in Fig. 3.6. Bound exciton recombination at the isolated
N atoms produces the A and B lines, with various phonon replications
at lower energy. Recombination at NN pairs is not observed for such
low N concentrations. Fig. 3.7 displays the 4.2° K photoluminescence
19 -3spectrum for GaP doped heavily with nitrogen (N ~  10 cm ). Here
bound exciton decay from the various NN pairs is observed. At low to
intermediate excitation levels, the A-line is not observed, since most
41trapped excitons therraalize to the deeper, more stable NN pairs. As
the excitation level is increased, the emission shifts toward the higher“
energy transitions, including the A-line, as the recombination from
lower-energy NN pairs becomes saturated.
3.4 The Nitrogen Isoeleetronic Trap in GaAs.. P„_________  _______1-x x
The ternary III-V semiconductor compound GaAs^ ^Px is a solid
solution of the direct binary compound GaAs and the indirect binary
22
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Figure 3.6 Photoluminescence of a lightly N-doped GaP crystal
16 3(N ~  5 x 10 cm ) at 4.2°K. (After Thomas et al., 
Ref. 41).
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Figure 3.7 Photoluminescence of a heavily N-doped GaP crystal
(N ~  10^ cm ) at 4.2°K (After Thomas et al., Ref. 40).
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compound GaP. Since the energy band structure of GaAs, P' varies-L “X X
continuously from that of GaAs to GaP, there is an intermediate point
where the F and X conduction band minima have the same energy. This
direct-indirect crossover x occurs for an alloy composition ofc
x = 0.46 at 77° K."*^  The energies of the direct E (x) and indirectc r
E (x) conduction band minima are shown in Fig. 3.8 as a function of X
the alloy composition x.51
For x < x , the bandgap of GaAs. P: is direct and ofc 1-x x
sufficiently high energy to produce efficient visible emission in the
red region of the spectrum. This is the basis for the commercial
GaAsP red LED (light emitting diode), which is fabricated in crystals
with x ~  0,38. Low temperature photoluminescence from n-iype direct
52GaAs, P results from band-to-band recombination.
1-x x
For x > x , GaAs, P is indirect and thus intrinsic radiative c 1-x x
recombination is inefficient. Photoluminescence from n-type indirect
GaAs, P at 4.2° K is characterized by bound exciton recombination at 1-x x 17
53neutral donors with longitudinal acoustic (LA) phonon replication. 
Emission spectra at 77° K exhibit in addition no-phonon and LA phonon- 
assisted free exciton recombination.^^
Addition of nitrogen to GaAs., P produces an isoelectronic
“*X X
54trap that binds electrons, in analogy with GaP. Nitrogen atoms 
occupy sites on the group V sublattice and are surrounded by Ga atoms. 
However, the presence of As atoms on the next-nearest-neighbor sites 
alters the potential of the N-trap in comparison to GaP; as a result,
En
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X
Figure 3.8 The GaAs1 P : N composition diagram^ indicating the f and X
conduction band edges and the positions of the nitrogen A-line 
and the NN^, NN^ 9 and NN pair states. (After Dupuis et al., 
Ref. 51.)
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the binding energies of the N-induced states increase with increasing
As content. This is attributed to the fact that As is significantly
less electronegative than P, yielding a larger pseudopotential
54difference between N and the "average" host atom it replaces. The
energies of the N-induced transitions are shown as a function of
51 55composition in Fig. 3.8. 5
The N and NN pair transitions in GaP give rise to sharp 
spectral lines characteristic of bound exciton recombination. However, 
in GaAs P :N the statistical fluctuations in the arrangement of As and
X “ X  X
P on the group V sublattice broadens and smooths the spectral lines,
with the effect becoming increasingly pronounced as the As content
increases. 5^’ **5 Since the NN pair interaction extends over several
lattice sites, broadening due to the random distribution of As and P
is greater for NN pair transitions than for isolated N transitions 
51(A-line), which may be broadened slightly due to differences in the 
N bound state energies. For crystals of composition x > 0.90, 
distinct but broadened NN^, NN^, and A-line transitions are observed, 
whereas for compositions with x < 0.80, the pair lines merge into a 
single broad emission band, the peak energy of which is labeled NN 
in Fig. 3.8 .50,55
The energies of the N-induced bound states are "tied" to 
the indirect conduction band minimum due to the large density of 
states associated with X .50 Therefore, as the P content decreases 
below the indirect-direct crossover, the N bound state energies 
approach, become degenerate with, and then cross above the energy of
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the direct conduction band maximum. Band structure enhancement effects
become increasingly evident as -» Ep. The amplitude of the bound
electron wavefunctions at T increases, enhancing the oscillator strength
57 58of the N-induced state. 5 This enhancement is maximized when
~ Er” resonant enhancement predicted to occur in a range
I 5 7|Ep - E^| < 50 meV. The resonant N-induced state extracts spectral 
density from the adjacent conduction band states, "robbing" them of 
recombination probability
Resonantly enhanced emission has been experimently observed
from several N-induced states. Emission from resonantly enhanced NN
pairs has been observed for compositions where E„„ ~ E^, (x=0.20 toNN - r
55 560.24) ’ and resonantly enhanced A-line emission has been observed in
55 59crystals where E^ ~  Ep (x-0.41 to 0.46). 5 Recently emission
from the NN^ pair transition, which is normally not observed for 
x < 0.80, has been observed for crystals of composition x = 0.35 to 0.38, 
where resonant enhancement is expected."’'L,i^  The energies of the NN^ 
states for these compositions are shown in Fig. 3.8. For the cases 
where NN^ emission is resolved, the broad lower-energy peak is again 
denoted NN^*
Representative spectra and band structure diagrams for three 
GaAs., P :N compositions are shown in Fig. 3.9. The N bound stateJ- ""X X
wavefunctions are stylized by the stippled region extending throughout
the zone, with the probability amplitude |Y^(k)| indicated by the
55The spectrum for x=0.48 shows the typicalwidth of the region.
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Ga Asx-xPx: N 
77 ° K
E
Figure 3.9 Typical photoluminescence spectra and band structure
diagrams for three crystal compositions of GaAs^ P :N, 
with the N trap wavefunctions stylized by the stippled 
region extending throughout momentum space. (Spectra 
adapted from Holonyak et al., Refs. 55 and 59; band 
structure diagrams adapted from Holonyak et al., Ref. 38* 
and Duke and Holonyak, Ref. 39).
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NN pair luminescence observed for indirect compositions. For the
direct composition x=0,41, where E ~  Ep, band-to-band (Ep), resonantly
59enhanced A-line (N), and NN pair transitions are observed. Resonantly
enhanced NN pair emission above the direct conduction band minimum is
55observed in the spectrum for x=0.236.
Nitrogen concentrations in GaAs., P crystals have been
1-x x
estimated from absorption measurements, but since the oscillator 
strength for absorption on nitrogen states has not been determined for 
all compositions, the accuracy of such estimates has been in doubt. 
Recent theoretical calculations of the effect of band structure 
enhancement on the oscillator strength in indirect GaAs, P show that
J. “ X  X
absorption on isolated N states in GaAs., P for x=0.53 should be
58~ 20 times the absorption in GaP. Experimental measurements of the
nitrogen concentrations in GaAs, P and GaP by optical absorption and
1-x x
independently by mass spectrographic techniques show that the absorption
49calibration for GaP is indeed correct, but that applying this
calibration to GaAs, P (x=0.53) overestimates the nitrogen
1-x x
concentration by a factor of 20 to 90, depending on the relative N 
5 8concentration. No calculations or independent measurements of the N
absorption in direct compositions of GaAs^ ^P^iN have been reported. It
17 -3appears that N concentrations in excess of 5 x 10 cm have not been
incorporated during vapor epitaxial growth of GaAs P crystals of
A . “ X  X
intermediate compositions.
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4. EXPERIMENTAL PROCEDURES
4.1 GaAs^ ^P^ Crystal Preparation
The GaAs^ P crystals used in this investigation were
61grown by vapor phase epitaxy (VPE) by Monsanto. Details of this
62crystal growth process are described elsewhere. Epitaxial layers
of GaAs P with composition x < 0.50 are typically grown on
(100) GaAs substrates, whereas layers with x > 0.50 are grown on
(100) GaP substrates. In order to minimize dislocations and
associated defects due to lattice mismatch between the GaAs. P
1-x x
layer and the substrate, the initial epitaxial layers are eomposi-
tionally graded from the substrate composition to the desired alloy
composition. Even so, the array of misfit dislocations formed during
growth of the graded region produces a cross-hatched pattern on the
wafer surface. The graded regions are typically grown with a gradient
of ^  1%/pm and then followed by a constant composition layer ~ 50-100
jim thick of the desired alloy composition.
VPE GaAs^^P^ crystals for LED fabrication are usually
doped n-type during growth with the group VI impurities S, Se, or Te.
The crystals used in this study were doped with one of the above
1 6 - 3  1 7 - 3donors to concentrations in the range 5 x 10 cm to 5 x 10 cm .
Crystals in the direct composition range were chosen with donor
17 -3concentrations less than 10 cm in order to insure narrow band-to-
52band emission linewidths.
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The isoelectronic impurity N can be introduced during VPE 
growth by adding to the dopant gas mixture. For these crystals, 
the N doping is incorporated in the final 10-25 pm of the constant 
composition region. Crystals with such conventional N doping provide 
ideal standards for comparison with N-implanted samples. The grown 
N-doped layers are removed by lapping and etching prior to implan­
tation in these cases. Properties of the VPE GaAs P crystals
-L *"X X
used in this investigation are tabulated in Table 4.1.
An important property of these crystals is the virtual
absence of nitrogen in the epitaxial layers unless N doping is
deliberately introduced. Epitaxial GaP layers grown in similiar
VPE reactors exhibited no evidence of the nitrogen A-line in low
6 3temperature electroluminescence, indicating N concentrations well 
below 10"^  cirf*.
Early in this investigation it was discovered that 
photoluminescence spectra from as-grown VPE GaAs, P crystals with
""X X
direct compositions frequently exhibit band-to-band emission peaks
at more than one wavelength. This results from compositional
inhomogeniety very near the sample surface which may be due to
variations in the As:P ratio in the supply gas during the reactor
shut-down process. These layers of varying alloy composition are
typically less than 3 pm in thickness. For this reason all as-grown
GaAs., P wafer surfaces are etched to expose the uniform composition 
1-x x
epitaxial region prior to implantation. An etch consisting of
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Table 4.1 Properties
Composition
Parameter x Crystal No Dopant
0.28 VR4-217
0.33 80-0003-86
0.37 Te
0.49 G12-19-1 Se
0.50 VR4-279 Te
0.505 RVl-13-2 Te
0.65 VRl-52 Te
0.87 VR2-106 S
1.00 159* S
of VPE GaAs ^ P Crystals“X X
N doping thickness
Donor Cone.
(c rrT ^ )
(if any) i: 
Cum)
2.3 x 1016
1.7 x lO1'
<  i o 17
3.7 x 1017
175 . 0 x 10
167.6 x 10 50
5-10 x 1016 25
8.5 x 1016 
17
2 .0 x 10
10
GaP grown by liquid encapsulated Czochralski method, no VPE layer
33
5 : 1^0 was used to remove 3-5 |jm. All etched surfaces
appear shiny and pit-free, with the characteristic cross-hatched 
pattern.
In addition to the depth variation in alloy composition
discussed above, VPE GaAs.. P crystals also exhibit slight
1-x x
64variations in composition across the wafer surface. This
variation is usually less than 1% and typically ~ 0.5%. For
example, a wafer of nominal composition x = 0.37 may vary from
x = 0.373 at the center of x = 0.368 at the edge, as determined
from the spectral location of the band-to-band emission peak.
Prior to implantation, all wafers are carefully characterized to
insure uniformity in their photoluminescent properties.
Crystals of GaAs., P to be implanted are scribed and 
1-x x
cleaved to suitable size and cleaned successively in trichloroethylene,
acetone, and methanol. The samples are mounted on aluminum plates
for ease in handling and to facilitate loading into the implanter
65target chamber. Conductive silver paint is used to provide adhesion
and good thermal and electrical contact with the aluminum. This
oadhesive can withstand substrate temperatures of 200 C during 
implantation and is easily removed with acetone. Samples implanted 
above 200° C are secured directly to the substrate holder with
spring clips.
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4.2 Implantations and Profile Calculations
Nitrogen implantations were performed on either the 
Accelerators, Inc. 200 keV machine at the Accelerators, Inc. 
Factory in Austin, Texas or the 300 keV Accelerators, Inc. 
implanter at the Coordinated Science Laboratory, University of 
Illinois. The neon implantations were performed on the 300 keV 
implantation facility at Sandia Laboratories, Albuquerque, New 
Mexico.
14 4*All N implantations were performed at a fixed ion
energy of 200 keV. Ion current varied according to the fluence.
The GaAs. P substrates were tilted 7° from the beam normal and 1-x x
o o 20 +held at room temperature, 200 C, or 500 C. The Ne implantations
were performed at 280 keV. This energy was chosen to match the
neon projected range to that of the nitrogen implants. As before,
the ion current was not held constant. Substrates were tilted 7°
from the beam normal and held at room temperature.
Theoretical range profiles have been calculated for the
implanted nitrogen and neon. The projected ranges are obtained using
66the approximations of Schiott, based on the theory of Lindhard,
67Scharff, and Schiott. Interpolations needed for calculating ranges
in ternary substrates are obtained from the rules set down by 
66Schiott. In order to describe the profile, both the projected
range, R , and the straggle in projected range, Ar , must be known,P P
Straggle values for both N and Ne implanted into GaAs^_^P^ are
35
obtained by interpolation from the tabulated data of Johnson and 
68Gibbons.
These theoretical impurity profiles are Gaussian, with 
the impurity concentration as a function of depth N(x) given by
N(x) = n exp[-(x-Rp)2/ARp2] (4-1)
- t 3where n is the peak concentration of implanted atoms (atoms/cm )
Rp is the projected range
ARp is the straggle or projected standard deviation.
The peak concentration n can be related to the ion fluence 
2Np ( in ions/cm ) by
n = 0.4 Np (4-2)
ArP
Table 4.2 presents the results of these calculations
for the N and Ne implants into GaAs- P . Shown are the1-x x
projected ranges and stragglings for each substrate-ion combina­
tion. Also tabulated are peak impurity concentrations corresponding
to each implant fluence. Details of these calculations are
34presented elsewhere. A theoretical profile for nitrogen implanted
into GaAs^ xpx> x = 0*37 with peak nitrogen concentration of 
18 -310 cm is presented in Fig. 4.1.
Table 4.2 Implantations in GaAs, P1-x X
14 +200 keV N 280 1 TT 20 +keV Ne
x R (p.m) ARpCfim) X Rp(|j,m) ARp()jm)
0.37 0.353 0.108 0.37 0.347 0.104
0.50 0.362 0.108 0.50 0.358 0.104
0.87 0.379 0.1055
2Nq  (ions/cm ) — 3n (atoms/cm ) 2(ions/cm ) n (atoms/cm )
x=0.37 & 0.50 x=0 .87 x=0.37 & 0.50
2.5 x 1011 9.26 x 1015 9.50 X 1015 2.6 x 1210 1.0 x 1017
122,5 x 10 9.26 x 1016 9.50 X 1016 2.6 x 1013 1.0 x 1018
131.25 x 10 J 174.63 x 10 4.75 X io17 1.3 x 1014 5 .0 x 1018
132.5 x 10LJ 9.26 x 1017 9.50 X io17 2.6 x LO14 1.0 x io19
1.25 x 1014 1 84.63 x 10 4.75 X 1018 2.6 x io15 1.0 x 1020
142.5 x 10 189.26 x 10 9.50 X 1018
2,5 x 1015 199.26 x 10 9.50 X 1019
(e-wo) (x)n
37
Figure 4.1 Calculated nitrogen profile for 200 keV 1^ N+ implantation
in GaAs, P (x=0.37) with a fluence of 2.5 x 10^ ions/cm . 1-x x
Both the logarithmic distribution and its linear equivalent 
are shown. (After Wolford, Ref. 34).
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Throughout the rest of this report, the implantations will
frequently be referred to by the corresponding peak impurity
concentration. For convenience, the peak concentrations will be
rounded to one significant figure.
Application of the theoretical impurity profile must be
made with caution. Channeling effects or diffusion of the impurity
that may occur during implantation or subsequent annealing may
seriously affect the impurity profile. For this reason an attempt
was made to directly determine the actual nitrogen profiles in the
implanted specimens. An ion microprobe mass analyzer using an
oxygen ion sputtering beam was employed for this measurement.
However, even for the sample with a calculated peak nitrogen
20 -3concentration of 10 cm , no N signal could be detected.
Although the impurity profile for the nitrogen implan­
tations could not be measured directly, the actual profile is 
expected to be quite similiar to the calculated theoretical profile. 
Diffusion-induced changes in the profile are not expected since the
diffusion coefficients for nitrogen in GaAs.. P and GaP are
1-x x
5extremely small. A report of ion microprobe analysis of nitrogen
implanted GaAs showed that the measured profile agreed well with the
predicted profile before annealing, and that there was no apprecia-
o 19ble change in the profile even after annealing to 800 C.
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4.3 Implanted Sample Preparation and Passivation
In preparation for photoluminescence analysis, samples 
approximately 1 mm x 1.5 mm are cleaved from the implanted wafers. 
Side by side comparison of implanted and nonimplanted material 
is provided by etching a portion of each sample to remove the 
implanted layer. The samples are partially masked with black
OApiezon wax and etched ^ 3 minutes in : ll^^ : 1^2 ^ at ^  C
to remove ~  3 p,m from the surface. Properties of this etchant
69system have been discussed in detail for GaAs. However, since 
the 5:1:1 etch does not attack GaP, the etching rate in the ternary 
GaAs^ ^P^ system must be a function of the composition. Interference 
microscope measurements of etched step heights were performed to 
determine the etching rate. For composition x = 0.37 the rate 
in 5:1:1 at ^ °  ^ Is 1*10 jim/min. For x = 0.50
the rate is 1.05 (im/min. No difference in etching rate could be
detected for implanted surfaces with peak impurity concentration of
1 9 “3 20 - 3^ 1 0  cm . However, samples implanted to 10 cm exhibit different
surface morphology after etching. The latter etched surfaces are
covered with fine pits, indicating sufficient implantation-induced
damage to alter the etching behavior. Preferential, rapid etching
in ion bombarded GaAs has previously been observed/^
High temperature annealing is typically required to
remove lattice damage and produce electrical or optical activity of
the implanted impurity. Since GaAs thermally decomposes in vacuum
40
above 670° C ,71 and GaAs„ P will oxidize at temperatures as low
1-x x
0 72as 600 C, some passivating layer must be used during annealing.
Vacuum evaporated silicon monoxide films were
first investigated as a possible passivating encapsulant. However,
high temperature decomposition of the SiO films produces Si +
SiO and the liberated Si was observed to produce acceptor
doping in annealed GaAs samples.
Sputtered silicon nitride films were studied for their
o
annealing protection properties. Films of Si^N^ of 2000 A 
thickness did protect against GaAs P surface decomposition up
-L “ X  X
to 900° C. However, photoluminescence from nonimplanted GaAs P
-L " X  X
(x^O.37 annealed to 900° C) exhibited NN pair luminescence which, 
when compared to spectra for implanted samples, indicated a
17 „3nitrogen concentration > 10 cm at the sample surface. Nitrogen 
evidently diffuses from the Si^N^ film into the surface region of the
crystal, which is intolerable in an experiment where controlled 
nitrogen concentrations are being investigated.
Films of silicon dioxide deposited by silane oxidation 
were found to provide optimum anneal protection. The SiO^ is 
deposited by the reaction
74
400-500 C
SiH4 + °2 -> Si02 + 2H2 (4-3)
in a reactor very similiar to that described by Hammond and Bowers 
A substrate temperature of 450° C during deposition produces the
75
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obest film quality at a growth rate of 2000 A SiO^ in 4-.5 
minutes. The gas flow rates employed are:
2.1% SiH. in 4
N2 2000 cc/min
°2
60 cc/min
N2
200 cc/min
o
Encapsulation is accomplished by depositing 2000 A of SiO^ on 
both sides of the samples.
In retrospect, a better choice of carrier gas for the
silane reactor would have been argon. Photoluminescence from
nonimplanted indirect crystals indicates that slight nitrogen
indiffusion can occur for long, high temperature anneals, thus
some N atoms must be incorporated into the SiO^ , film during growth.
However, the amount of N doping produced is extremely small 
16 3(< 10 cm ) and is insignificant compared to the nitrogen implan­
tations investigated here.
Careful cleaning of the GaAs1 P sample surfaces before
o
deposition is essential. Native surface layers ~  30 A thick exist
76 77on GaAs and GaP after several days in room ambient, 5 and these 
films inhibit adherence of the SiO^ passivation. Cleaning in HC1 
removes most of the native film^ and is performed immediately prior 
to SiO^ deposition. However, for compositions near GaP, heavily 
implanted crystal surfaces are attacked by HC1, so this cleaning 
step must be avoided until the gross damage is annealed out.
42
The deposited SiO^ films have been observed to degrade as 
as a result of the thermal cycling encountered during annealing. 
Therefore, for anneals of 800° C and higher the Si02 was stripped 
and redeposited between each anneal stage.
Carefully deposited Si02 passivating films will prevent 
gross decomposition of GaAs P surfaces at anneal temperatures
1 “ X  X
as high as 1000° C. However, results to be presented in Section
5.6 indicate that appreciable gallium outdiffusion occurs,
oparticularly above 900 C. This is expected due to the large
7 8diffusion coefficient for Ga in Si 0^ and has been observed by
79backscattering in SiO^ films on GaAs.
4.4 Annealing
Initial photoluminescence results indicated that little 
measurable annealing occurred for temperatures below 500° C. For 
this reason all annealing is performed at or above 500° C, using 
the Si 0^ encapsulation described in the previous section.
The annealing furnaces are equipped with quartz tubes 
and boats. A temperature controller maintains the temperature within 
+ 1° C. High purity argon flowing through the furnace tube at 
750 cc/min provides an inert atomsphere during anneals. In addition 
to the open tube anneals in Ar, some samples have been annealed in 
quartz ampoules evacuated to 10 torr or with As or Ga overpressure. 
Silicon dioxide films are also required to prevent surface 
decomposition during the ampoule anneals.
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Isochronal anneals of 30 minute duration are performed 
in 100 C steps from 500 C to 1000° C, with an additional step 
at 950 C. Rather than annealing a single sample and recording 
data between anneals, multiple samples are cleaved from the 
implanted waters and annealed simultaneously to the appropriate 
temperature. This provides a set of samples for a complete 
annealing sequence that may be evaluated together.
Isothermal anneals for periods from 1 minute to 48 
hours have been performed at 600, 700, 800, and 900° C for one 
set of samples. Again, a complete set of samples was annealed 
simultaneously.
The SiO^ passivation is removed with HF following 
annealing. For open tube anneals at 950 or 1000° C, an insoluble, 
poorly adhering gold-colored film remains on the sample surfaces 
after the Si02 is removed. This film can be easily removed by
scrubbing with a cotton swab in methanol. The thickness of this
o °layer after a 1000 C anneal is estimated to be about 500 A. This
insoluble film is evidently a native oxide of GaAs.. P , which may
1 “ X  X
be composed of GaPO^ and Ca^O^, with perhaps small amounts of GaAsO^ 
72and As202« Since formation of this layer was not observed for 
ampoule anneals, it is likely that 02 or H20 contamination in the 
Ar atomsphere diffuses through the Si02 passivation and oxidizes 
the GaAs.. P surface, producing the oxide layer.
-L “ X  X
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4.5 Photoluminescence Measurements
Annealed GaAs P samples are compressed into indium- 
1-x x
. 80wetted copper heat sinks. This mounting technique provides 
excellent heat-sinking at cryogenic temperatures, and in 
addition produces a permanent and mechanically stable mount 
for photoluminescence experiments.
A schematic of the photoluminescence apparatus is shown
in Fig. 4.2. The indium mounted samples are held at either 77° K
in a "cold finger" liquid nitrogen dewar or at 4.2° K in a Janis
"Super Varitemp" liquid helium cryostat. Sample temperature in
the liquid helium cryostat is monitored with a Ge resistance
thermometer. Sample heating effects are negligible for incident
power densities up to 5 x 10 W/cm at 4.2° K, as monitored by
the wavelength shift of nitrogen A-line luminescence from a GaP
sample. In the 77 K dewar, the incident power density must be
3 2kept at or below 2 x 10 W/cm to avoid significant heating.
Photoexcitation is provided by the 488,0 nm output of 
a Coherent Radiation Model 52G Ar-Kr ion laser. The CW laser 
output is chopped mechanically at 100 Hz, and spontaneous laser 
emission that would interfere with the measurements is 
eliminated by a narrow-band interference filter centered about 
the laser wavelength. The excitation beam traverses the 
achromatic beam splitter and is focused to 38 y,m diameter on 
the sample, providing average incident power densities up to
45
Figure 4.2 Schematic diagram of the photoluminescence apparatus.
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4 , 210 W/cm (100 mW average power). Peak power is twice average power
since the chopper has a 50% duty cycle.
Luminescence is extracted normal to the sample surface,
where the intensity for a given solid angle is greatest. The
luminescence is reflected from the beam splitter, then a plane
mirror, and is focused on the entrance slit of a Jarrel-Ash 0,5 m
scanning spectrometer, operated in first order. A Corning
3-69 filter removes reflected laser light from the analyzed
beam. Wavelength resolution for the slit widths used is better 
o
than 1 A.
Detection is supplied by an uncooled EMI 9558B photo­
multiplier (S-20 response) coupled to a PAR JB-5 lock-in amplifier.
A PAR CR-4 preamplifier is used when additional signal amplification 
is needed. Spectra are recorded by a Varian Series G1000 Chart 
recorder equipped with a wavelength event marker triggered by the 
spectrometer.
Spectra appearing in this thesis have not been corrected 
for system response. Reproducibility of the photoluminescence 
intensity is within 5%, even when the optical alignment is 
distubed and must be reset.
4.6 Scanning Electron Microscope Measurements
Electron microscope methods may be used to provide an 
independent assessment of lattice damage produced by ion implan­
tation. Electron channeling patterns are obtained from nonimplanted
47
and implanted GaAs, P crystals in a Japan Electron Optics
1-x x
Laboratory model JSM-U3 scanning electron microscope. In order 
to provide the large-angle scanning required, a supplementary 
deflection coil is attached which allows scanning of areas as 
large as 3 x 5 mm at minimum magnification. The scintillator 
is biased so that only the high energy backscattered electrons 
can be detected. The resulting electron channeling patterns 
are photographed with the (lOQ) sample surfaces normal to the 
stationary electron beam position in order to establish a visual 
reference point in the channeling patterns.
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5. EXPERIMENTAL RESULTS: DIRECT COMPOSITIONS
5.1 Introduction
Photoluminescence studies of implanted nitrogen and neon in
GaAs., P crystals with compositions in the direct bandgap region will 
1-x x
be described in this chapter. Scanning electron microscope results will 
also be presented. Results of photo luminescence studies of N and Ne 
implanted GaAs1 P crystals of indirect composition will be discussed 
in Chapter 6.
Nitrogen implantations have been studied in direct crystals 
with compositions x = 0.28, 0,33, and 0.37. Because the results are 
quite similiar for these three compositions, data for the x = 0.28 and 
x = 0.33 compositions will not be shown so that a more detailed 
discussion of the results for crystals with composition x = 0.37 may be 
presented. Thus all the data presented in this chapter are obtained 
from GaASg 63PQ 37 crystals.
Photoexcitation with the 488.0 nm laser output was provided
3 2 o 3 2at power densities of 2 x 10 W/cm for 77 K spectra and 5 x 10 w/cm
for 4.2° K spectra. Multiplying factors on these spectra are all
normalized to the same absolute intensity for each temperature. Since
each spectrum in an annealing study is taken from a different chip, the
slight variations in crystal composition from chip to chip produce slight
shifts in the wavelength, as discussed in Section 4.1. To eliminate these
variations, the spectra have been adjusted slightly in wavelength to match
the most typical sample composition. The required wavelength shifts are
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usually less than 2 nm. Integrated intensities are measured directly
from the recorded spectra using a compensated polar planimeter.
5,2 Isochronal Anneals, Room Temperature Nitrogen Implantations
Fig. 5,1 shows 77° K isochronal annealing spectra for GaAs^ ^
PQ 27 implanted with nitrogen at room temperature. The calculated
18 _ 2peak N concentration is 10 cm . Spectra from the implanted samples 
are exhibited following the 800, 900, and 950° C anneal stages. For 
comparison, the PL spectrum of a N-free crystal is shown in the bottom 
curve. This strong, narrow peak labeled T is due to band-to-band 
recombination.
Spectra following anneal stages below 800° C exhibit only T 
emission, with monotonically increasing intensity as higher temperature 
anneals are performed. The recovery of PL intensity provides a measure 
of the lattice reordering process. These intensity increases will be 
discussed in more detail in conjunction with presentation of the annealing 
curves,
Following the 800° C anneal, a broad, lower energy hump is 
first discerned in the PL spectrum, as observed in Fig. 5.1. Further 
annealing to 900 and 950 C dramatically increases the intensity of this 
peak; and, in addition, a shoulder on the low-energy side of T becomes 
clearly visible. Etched regions on these same annealed samples show only 
T recombination, so the lower energy peaks must be due to the implantation.
A comparison of the 950 C anneal spectrum with PL spectra from crystals 
of the same composition with N incorporation during growth?1 shows nearly
50
oFigure 5.1 Photoluminescence spectra (77 K) of GaAs P (x=0.37)
JL “"X X
implanted with nitrogen at room temperature to a peak
18 -3concentration of 10 cm and annealed isochronally 
to the temperature indicated. The bottom spectrum is 
from nonimplanted, N-free material.
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identical spectral shapes. This comparison establishes that the additional
peaks are due to recombination at NN^ and NN^ nitrogen pairs, as denoted
on Fig. 5.1. As the NN^ and NN^ peaks grow in intensity with annealing,
the strength of the r peak is correspondingly reduced. Note that the
excitation power densities used here can not be directly compared with
those employed in references 51 and 60 because the samples used in those
investigations were thin laser cavities having high optical gain,~^
Fig. 5,2 displays the 77° K PL spectra from the isochronal
annealing of a nitrogen implanted GaAsQ 63PQ ^  crystal with a peak
18 “ 3concentration of N ~  5 x 10 cm , five times higher than for the sample 
of Fig, 5,1. As before, the lowest spectrum is from N-free material; 
and again, only band-to-band (F) recombination is observed for anneal 
temperatures below 800 C„ NN pairs are first observed after the 800° C 
anneal stage, but in this case the overall intensity is weaker. This is 
expected since the higher implant fluence produces more lattice damage,
The intensity of NN^ pair emission increases rapidly with further annealing 
and completely dominates the spectrum following the 950° C anneal, where 
the band edge emission is completely quenched. The multiplying factors 
show how rapidly the intensify increases with annealing. Significantly, 
the integrated luminescent intensity for the implanted sample following 
the 950° C anneal stage is greater than the integrated intensity of a
N-free sample.
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Figure 5.2 Photoluminescence spectra (77°K) of GaAs- P (x=0„37)J- “X X
implanted with nitrogen at room temperature to a peak
18 -3concentration of 5 x 10 cm and annealed isochronally 
to the temperature indicated. The bottom spectrum is 
from nonimplanted, N-free material.
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4 2 oEven with excitation power densities up to 10 W/cm , the 950 C
annealed sample shows no saturation of the NN^ pairs and no evidence of
the usually strong T emission. Higher-energy transitions usually increase
in strength as the excitation level is raised. This type of spectrum,
consisting entirely of NN^ pair emission, has not been reported in samples
of this composition doped conventionally with, nitrogen. This supports
the conclusion that the N concentration in these implanted samples exceeds
the maximum N concentration incorporable during crystal growth. Thus one
of the expected advantages of ion implantation has been realised.
Concentrations in excess of solid solubility have seldom been
observed in implanted semiconductors, although in principle it should be
readily achieved. One problem is the necessity of annealing, which
generally causes implanted impurity redistribution and a corresponding
reduction in the peak impurity concentration. Nitrogen has an unusually
low diffusion coefficient and has been found to diffuse very little during
annealing. For example, implanted N profiles in GaAs have been found to
19remain nearly unchanged after high temperature anneals. Thus nitrogen 
implanted GaAs P provides a unique opportunity to observe implanted 
impurity concentrations in excess of the usual solid solubility limit,
The effect of various implanted nitrogen concentrations on the 
PL spectra of GaAsQ 63PQ ^  annealed to 950° C is shown in Fig. 5.3. No
1 fispectral changes can be detected for an implanted N concentration of 10 
~3 17 -3cm , but at N ^  10 cm , the NN pair emission becomes weakly visible.
17 18 -3For N concentrations of 5 x 10 and 10 cm both NN, and NN pair1 3 F
emission is observed in addition to f recombination. At concentrations
56
Figure 5.3 Photoluminescence spectra (77°K) of GaAs1 P (x=0.37)
I  “ X  X
implanted with nitrogen at room temperature to the 
indicated peak concentration and annealed isochronally 
to 950°C.
Re
la
tiv
e 
Em
is
si
on
 
In
te
ns
ity
57
Energy (eV)
58
18 -3of 5 x 10 cm or greater, only the NN^ pair emission is observed.
18 19 "3Intensities are greatest for the N ~  5 x 10 and 10 cm implants and
20 -3decrease precipitously for N ~  10 cm . Increasing the N concentration 
20 -3to 10 cm evidently causes severe lattice damage that is not removed
by annealing. This fluence may be high enough to produce an amorphous
81region, which has been found detrimental to both optical and
82electrical characteristics.
The optically active nitrogen concentration appears to
saturate at around 5 x 10”^  cm ^, since no further spectral changes
are observed. However, much higher excitation powers would be
required to saturate the NN^ pairs and determine which implant has the
greatest optically active N concentration. The peak emission appears
to shift slightly to lower energies as the N concentration increases.
Such a shift may be expected as the average separation between N atoms
decreases and the number of nearest neighbors increases. Since the
20 -3peak NN emission for the 10 cm implant occurs at higher energy 
19 -3than for the 10 cm case, it appears that less than 10% of the
implanted N atoms are optically active for this high-influence implant.
1 9 - 3A nitrogen concentration ~  10 cm appears to be the maximum which 
may be efficiently implanted under these conditions.
This type of study of spectral changes as a function of N 
concentration is difficult for conventionally doped crystals, because 
a wide range of accurately measured N concentrations is generally 
unavailable. In addition to showing these spectral changes, Fig. 5.3 
indicates that the damage produced by the N implantations for fluences
-t / -*2 19 —2up to 2.5 x 10 cm (N 10 cm ) is effectively removed by annealing
59
to 950 C, Any residual lattice damage is compensated by the efficient 
N-induced luminescence.
41
Spectral characteristics of the nitrogen implanted GaAs^ 37
crystals are more clearly delineated at 4,2° K, Figs. 5.4, 5.5, and 5,6
present the 4,2° K spectra corresponding to the 77° K spectra presented
in Figs. 5.1, 5.2, and 5.3» Fig, 5 „4 shows spectra for a peak implanted
18 “3N concentration of 10 cm at different anneal temperatures. As before, 
the bottom curve is for N-free material. As annealing progresses, the 
optically active N concentration increases, enhancing first NN^ and 
then NN^ emission with concomitant robbing of T intensity. Compared 
to 77 K spectra, the NN^ pair luminescence is greatly enhanced relative 
to F and NN^ emission, This may be expected since at 77° K many excitons 
thermally tunnel from the NN^ pairs to the deeper, more stable NN^ pairs 
Thus at 4,2 K, the luminescence more accurately indicates the relative 
population of the NN^ and NN^ pair states.
18 „3Annealing spectra from samples implanted with N to 5 x 10 cm
are shown in Fig, 5,5» Here the NN^ emission is stronger than at 77° K;
but after annealing to 950 C, the NN^ pair emission accounts for all the
observed luminescence. The increase in integrated intensity as annealing
progresses is clear. Spectra at 4,2° K following the 950° C anneal stage
for several N concentrations are displayed in Fig. 5.6. Emission from
NNg pairs dominates the N-induced luminescence up to a N concentration of 
18 -310 cm , with NN^ emission dominant for higher concentrations. A 
comparison between Figs. 5,4, 5.5, and 5.6 demonstrates that the spectra 
from partially annealed samples exhibit spectral shapes corresponding to
Figure 5.4 Photoluminescence spectra (4.2°k) of GaAs1_ P (x-0.37)JL "*X X
implanted with nitrogen at room temperature to a peak18 ,3concentration of 10 cm and annealed isochronally to 
the temperature indicated. The bottom spectrum is from 
nonimplanted, N-free material.
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Figure 5.5 Photoluminescence spectra (4.2 K) of GaAs, P (x-0.37)
-L “*X X
implanted with nitrogen at room temperature to a peak
18 -3concentration of 5 x 10 cm and annealed isochronally 
to the temperature indicated. The bottom spectrum 
is from nonimplanted» N-free material.
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oFigure 5«6 Photoluminescence spectra (4.2 K) of GaAs^^P^ (x=0.37) 
implanted with nitrogen at room temperature to the 
indicated peak concentration and annealed isochronally 
to 950°C.
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well-annealed samples with lower implanted N concentrations. For example,
18 — 3 othe N ~  10 cm , 900 C anneal spectrum of Fig. 5.4 is very similiar 
1.7 - 3 qto the N ~  5 x 10 cm , 950 C anneal spectrum of Fig. 5.6. In addition,
the N ~  5 x 10^ cm 800° C anneal spectrum of Fig. 5.5 appears much 
1-7 -3 qlike the N ~  10 cm , 950 C anneal spectrum of Fig. 5.6 (except that
the intensity is halved). Therefore, annealing not only removes
competitive nonradiative centers, but also incorporates increasing optically
active N concentrations as higher temperatures are reached.
Isochronal annealing characteristics of the room temperature N
implantations in GaAs^ 53^0 37 are summarized in Fig. 5,7. The 77° K
integrated PL intensities are normalized to the integrated PL intensity
from a N-free, unannealed sample and plotted versus isochronal anneal
temperature. The heavy dashed line indicates the effect of annealing on
N-free material. This degradation in luminescent intensity after high
temperature annealing has been determined to be due primarily to Ga
outdiffusion through the SiO^ passivation, as will be discussed in
Section 5.6. It is expected that this degradation mechanism is present
in the implanted samples as well.
Luminescence from unannealed implanted samples is very weak and
18is completely quenched for implanted N concentrations greater than 10
“ 3 o , ,cm , Annealing to 700 C produces a dramatic increase in the PL Intensity
for all samples. In this temperature region no luminescence from the
implanted nitrogen can be detected; spectra exhibit only band-to-band
recombination. From Fig. 5.7 it can be seen that the intensity increases
67
Figure 5.7 Isochronal annealing of the integrated photoluminescence 
intensity (77°K) for GaAs^ (x=0.37) implanted with 
nitrogen at room temperature to the indicated peak 
concentrations. The dashed curve displays the annealing 
of a nonimplanted, N-free sample. Intensities are 
normalized to that of unannealed, N-free material.
N
or
m
al
iz
ed
 
In
te
g
ra
te
d
 
In
te
n
si
ty
68
69
from 500 to 700° C are essentially parallel for all concentrations,
indicating that a fluence-independent (and thus damage-independent)
lattice reordering process is occurring. The PL intensity in this
temperature range is inversely proportional to the implant fluence (i.e
peak N concentration) as expected from typical models of implantation-
9 23induced damage formation, ’ For the lower concentration implants, the 
majority of the lattice damage is removed by the 700° C anneal stage, 
as evidenced by recovery of the PL intensities to near the level of 
nonimplanted material.
After the 800 C anneal, the first evidence of NN pair
luminescence is observed. The implanted N concentration has a strong
effect on annealing properties in the region from 800 to 1000° C, Light
17 “3implants with N < 10 cm show little spectral evidence of N emission 
and approach asymptotically the intensity of nonimplanted material. Higher 
N concentrations show a rapid increase in intensity above 800° C as the 
N-induced luminescence dominates the spectra. At 950° C the NN pair 
luminescence from the implanted samples is more intense than the annealed
17 i q _ ■aN-free sample for concentrations 5 x 10 < N < 10 cm , In fact, the
integrated intensities for fully annealed samples with N concentrations 
18 19 ”3of 5 x 10 and 10 cm exceed that of unannealed N-free material.
After the final anneal the PL intensity is proportional to the N concen-
2 0 - 3tration, except for the N ~  10 cm implant. Evidently this high 
fluence implant suffers from severe residual defects and nonradiative 
recombination which can not be removed by the annealing procedures 
employed here. As the implanted N concentration increases, progressively
70
higher anneal temperatures are required to produce intensity saturation.
An anneal temperature of 950° C produces optimum PL intensities for N
17 -3concentrations greater than 5 x 10 cm
All the curves either saturate or drop in intensity at the 
1000 C anneal stage. Spectra following this anneal show a decrease in 
NN pair luminescence and a corresponding increase in T emission, 
indicating a decrease in the optically active N concentration. One 
possible explanation for this effect is diffusion of the N atoms into a 
broader profile with resulting lower peak concentration. In addition, 
after the 1000 C anneals, a native oxide layer has formed on the sample 
surfaces. The growth of this layer actually removes part of the implanted 
nitrogen as the surface layers of the crystal are consumed by the growing 
oxide. This material loss explains a reduction in NN luminescence, since 
both the total number of N atoms and the thickness of the N-doped layer 
are reduced.
Samples subjected to a single 30-minute anneal at 950° C 
exhibit greater PL intensities than do samples carried through the 
isochronal anneal schedule to 950 C, Apparently less thermal degradation 
(Ga outdiffusion) occurs for the single high temperature anneal. The 
single temperature anneals, however, show spectral shapes very similiar 
to the corresponding isochronal stage, indicating that the previous 
annealing history has little effect on succeeding higher temperature 
anneals, aside from increased degradation.
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There are two possible explanations for the absence of nitrogen- 
induced luminescence for anneals below 700°C. First, the implanted N 
atoms may become substitutional at temperatures higher than that required 
for removal of gross lattice damage. Second, the N atoms may be incor­
porated on substitutional sites at lower temperatures but luminescence 
from these implanted atoms may be quenched by local distortion and strain 
which is not removed until higher anneal temperatures are reached. The 
isochronal anneal curves do not clearly show which process may be dominant. 
The decrease in intensity between 700 and 800° C for the higher concen­
tration implants (Fig. 5.7) seems to support the high temperature 
substitution model. In this temperature range large numbers of N atoms 
may become substitutional, displacing the physically larger As and P 
atoms in the process. Strain from the interstitial As and P atoms may 
then quench the NN pair luminescence, resulting in decreased intensity 
as the spectra change from T emission to NN^ pair emission. Annealing to 
950° c may then allow removal of strain and recovery of NN luminescence. 
Thus it seems likely that both processes occur, with N substitution 
occurring primarily between 700-800° C and distortion and strain removal 
occurring primarily between 800-950° C.
Similiar optical inactivity#for implanted luminescent impurities
29 31until after high temperature annealing has been observed for Bi * and 
32N in GaP, In these studies, anneal temperatures of > 700° C were 
required to obtain optical activity. Analysis of the Bi implanted GaP 
by channeling showed that the increases in PL intensity paralleled the
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30increase in substitutional Bi atoms. However, for high fluence implants,
PL intensities were degraded even though channeling indicated a large
30percentage of substitutional Bi. Evidently, the optical activity of
these substitutional atoms was degraded by local distortion and strain.
Anneal temperatures of 900° C and above are typically required
when optical properties of the implanted semiconductor crystal are
oinvestigated. Annealing to 900 G has been required for optimum results 
29 32for implanted Bi and N isoelectronic traps in GaP, for Zn implanted
83 84LEDs in GaAs1 P and for a Zn implanted GaAs injection laser.
J- —x  X
These anneal temperatures are much higher than the usual 600-700° C
13 14annealing required for electrical activity of implanted impurities * 
or the < 600° C anneal stages for damage removal as measured by channel­
ing. Again, this illustrates the sensitivity of luminescence to slight
residual lattice damage.
5.3 Isochronal Anneals, Room Temperature Neon Implantations
Photoluminescent properties of GaAs^ 53-^0 37 crystals
implanted with neon are of interest because the effects of implantation-
induced damage may be isolated. Neon is optically and electrically
inactive in GaAs., P and is similiar to nitrogen in atomic mass.
1-x x
Thus, Ne implanted crystals may be investigated to characterize the 
lattice disorder and to verify that the implantation-induced damage does 
not produce luminescent states which might be confused with N isoelectronic
trap luminescence.
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The calculated Ne profile was matched to the N profile by using 
an implant energy of 280 keV. This energy results in a projected range 
for Ne similiar to that for N implanted at 200 keV. However, the damage 
produced by the Ne implantation exceeds the N-induced damage. Lattice
disorder is produced by that portion of the energy of the incident ion
.. , . . 67which is given up in nuclear collisions. From the tabulated data of
68Johnson and Gibbons, the nuclear energy loss for N implanted into GaAs 
at 200 keV is 55.1 keV/(jm; for Ne implanted into GaAs at 280 keV this 
loss is 111„3 keV/M-m* Since the ranges are the same, the Ne implant is 
thus expected to produce about twice as much damage per ion as the 
N implant.
Spectra from the Ne implanted GaAs^ ^ P q 37 samples display
only band-to-band (T) emission at all anneal stages. The implantation-
induced damage produces no radiative recombination at any visible or
near-infrared wavelength. This removes any doubt from the assignment of
nitrogen as the cause for all spectral changes following N implantation.
The effect of the damage produced by the Ne implantation is merely to
degrade the luminescence intensity.
The isochronal annealing properties of GaAsrt rJ?n implanted0.63 0.37
with Ne at room temperature are shown in Fig. 5.8. The heavy dashed 
curve indicates annealing of nonimplanted material. In the 500-700° c 
range the slopes of the anneal curves are identical to the slopes in the 
same temperature range in the nitrogen implant annealing curves (Fig. 5.7). 
Thus it can be concluded that the same annealing process is occurring in
Figure 5.8 Isochronal annealing of the integrated photoluminescence
intensity (77°K) for GaAs^ (x=0.37) implanted with neon 
at room temperature to the indicated peak concentrations. 
The dashed curve displays the annealing of a nonimplanted 
sample. Intensities are normalized to that of unannealed, 
Ne-free material.
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this temperature range for both implants. For the Ne implants the
intensities corresponding to a given fluence and anneal condition are
much weaker than for the N implants, as expected.
At higher anneal temperatures, the lighter concentrations
saturate in intensity and degrade in a manner similiar to the Ne-free
material. This saturation level is only about 25% of the intensity of
the annealed Ne-free material, whereas light N implants anneal to
essentially the same intensity as annealed N-free material. Evidently Ne
implantation introduces a type of lattice damage that can not be removed
even with 1000 C annealing. For the Ne implants with peak concentration 
18 19 - 3of 5 x 10 and 10 cm , annealing continues all the way to 1000° C
where recovery is about the same as for the light implants. This tends
to support the model of distortion and strain removal after 800° C, since
substitution of Ne has no direct optical effect. As was the case for
20 - 3the N implants, a peak concentration of 10 cm produces severe PL 
degradation that does not recover appreciably with annealing.
The substitutional properties of N and Ne in GaAs1 P may be 
sufficiently different to account for the lack of recovery in the Ne 
implant annealing curves. Nitrogen, of course, substitutes readily 
in the GaAs^_^P^ lattice. For concentrations too small for NN emission 
to be observed, no appreciable perturbation of the lattice is produced, 
and the PL intensity recovers to the undamaged value. Neon, however, may 
not be readily incorporated onto substitutional sites and may produce 
lattice distortion as an interstitial. If these atoms do not diffuse out 
of the crystal, then residual PL degradation will be observed.
77
Fig. 5.9 compares N and Ne implants following the optimum anneal 
condition. The integrated PL intensity ratio of implanted to etched regions 
on each sample is plotted as a function of impurity concentration, or 
implant fluence. The improvement in intensity for the N implants is
dramatic - more than 20 times more intense than the neon implants for an
lg _ oimpurity concentration of 5 x 10 cm . Only the highest fluence
implants lead to a substantial decrease in intensity. The optimum implanted
18 “3N concentrations are 5 - 10 x 10 cm . Other investigators have 
observed the optimum concentration for implanted isoelectronic impurities 
to be 1 - 2 x 10 cm . The fact that the optimum concentration
observed here is considerably greater than observed by other workers 
demonstrates the effectiveness of the anneal techniques in removing 
residual damage from the crystal lattice.
As the implanted impurity concentration increases, the number 
of optically active atoms increases with concurrent strengthening of PL 
intensity. However, residual implantation-induced damage begins to 
degrade the luminescence at higher fluences. Eventually the residual 
disorder and resulting nonradiative recombination forces a decrease in 
PL intensity. Also, at very high fluences, the implanted impurity 
concentration may not be fully incorporated on substitutional lattice 
sites, and the excess atoms may cause further degradation.
78
Figure 5. 9 Fluence (°r peak impurity concentration) dependence of the 
photoluminescence intensity (ratio of integrated intensity 
of the implanted region relative to the etched region of 
the same sample, 77°K) for GaAs.. P (x=0.37) implanted
JL “ X  X
with nitrogen and neon at room temperature.
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5«4 Isothermal Anneals, Room Temperature Nitrogen Implantations
Isothermal annealing studies may provide additional understanding
of the annealing of lattice damage and onset of optical activity of the
implanted atoms, GaAsg 37 samples implanted to a peak nitrogen
18 "3concentration of 10 cm were annealed isothermally at 600, 700, 800, 
o 0and 900 C. Typical spectra from the 900 C isothermal anneal are shown 
in Fig, 5.10, It is significant that much lattice recovery and nitrogen 
activity are observed after only one minute of annealing. Further r 
annealing produces a gradual increase in optical activity of the N atoms, 
as evidenced by the increase in NN pair luminescence intensity.
Similiar two-stage annealing is observed at 700 and 800° C, Annealing at 
600 C produces a gradual increase in intensity with no rapid initial 
anneal stage. It is clear from Fig, 5,10 that the arbitrarily chosen 
30 minute period used for isochronal anneals does not represent an 
equilibrium anneal condition. However, all the observed isothermal 
anneals did saturate in intensity by 24 hours.
If an annealing process follows first-order kinetics, the 
reduction of defects is described by an equation of the form
An(p/pp) - -At e’Ea^kT (5-1 )
where p is some property dependent on the defects, p0 is it's initial 
value at t s 0, E is the activation energy of the process, and t is the 
anneal time. Thus for isochronal anneals, a semilogarithmic plot versus 
time of the normalized property p will give straight lines if the annealing
81
f
i-
oFigure 5.10 Photoluminescence spectra (77 K) of GaAs^ ^P^ (x=Q.37)
implanted with nitrogen at room temperature to a peak
18 -3concentration of 10 cm and annealed isothermally 
at 900°C for the time indicated.
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process is first-order. The activation energy, E , may be obtained from
these data if several isothermal anneals are performed at different
temperatures. This type of analysis has been employed, for example, to
determine the activation energy of the 0.97 eV luminescence in electron- 
85irradiated silicon and the recovery of the Hall coefficient in y-ray
. ,. in . 86irradiated Germanium.
If the observed property, I, is dependent on the absence of 
defects rather than their presence, then the process should be described 
by an equation of the form
jfcn(I/lo) = At e"Ea/kT (5-2)
Since the PL intensity from implantation-damaged GaAs1 P is proportional 
to the removal of damage from the crystal, equation 5-2 should describe 
the observed increase of PL intensity with time if the annealing process 
is first-order.
Data from the 700, 800, and 900° C isothermal anneals are 
presented in Fig. 5.11. The integrated intensity ratio of implanted to 
etched regions on the same sample is plotted versus annealing time, up 
to 60 minutes. Data points beyond 1 hour begin to show the onset of 
saturation. Data for the 600° C anneal are not shown since a different 
annealing process (the rapid initial-stage anneal) is occurring at 
this temperature. Straight lines have been fit to the data in Fig. 5.11, 
with the offset at t = 0 due to the rapid process which operates within 
the first minute of anneal. The time required for each curve to increase
84
Figure 5.11 Isothermal annealing of the photoluminescence intensity (ratio
of integrated intensity of the implanted region relative to the
etched region on the same sample, 77°K) for GaAs, P (x=0.37)
1-x x
implanted with nitrogen at room temperature to a peak concentration 
18 -3of 10 cm , The inset shows the temperature dependence of the 
time for the intensity to increase by an arbitrary factor for 
calculation of the activation energy.
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in intensity by an arbitrary factor is plotted as a function of inverse 
absolute temperature on the inset curve. From this slope an activation 
energy ^  0.37 eV is obtained for the first-order annealing process 
occurring from 700 to 900° C. Below 700° C the annealing is described 
by a different process, which can be qualitatively seen in the 
isochronal anneal curves (Figs. 5.7 and 5,8).
The low activation energy obtained here (0.37 eV) is similiar 
to the 0.35 eV activation energy found for the annealing below 600° C 
of electrically active defects produced by ion implantation in GaAs,
These values are well below the usual 1.0 to 1.4 eV activation energies 
for annealing of point defects in GaAs.®^ Kato et al . 16 have interpreted 
their low activation energy as the "recrystallization energy" for 
disordered GaAs.
The anneal temperature region studied here corresponds to that
in which nitrogen-induced luminescence is first observed; thus the
0,37 eV activation energy must describe the energy required for optical
activity of implanted N atoms in GaAsn . Either N substitution0.63 0.37
or local distortion and strain removal around substitutional N atoms, or 
both may be described by this first-order process. Isochronal anneals 
at 600 C and lower would perhaps yield an activation energy for the 
removal of gross lattice disorder, but only the 600° C anneals were 
performed. Therefore, no activation energy has been obtained for this 
annealing process.
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5,5 Isochronal Anneals, Heated Substrate Nitrogen Implantations
Elevated substrate temperatures during implantation have been
found helpful in reducing lattice damage and improving impurity 
7 8 31substitution. ’ 5 However, in the case of hot substrate Bi implants
in GaP, only slight improvements over room temperature implants were
realized in the PL intensities from the implanted Bi isoelectronic trap.
In this section the effects of heated substrates on the PL from
nitrogen implanted GaAs^ ,0P_ __ are investigated.0.63 0.37
Nitrogen implantations were performed at substrate temperatures 
of 200° C and 500° C in addition to the room temperature N implants 
discussed in the preceding sections. The complete range of fluences 
used for the room temperature implants were repeated at 200° C. Peak 
N concentrations of 5 x 10^ and 10^ cm  ^were implanted at 500° C. 
Identical isochronal annealing procedures were followed for these hot 
substrate implants.
A comparison among the three implantation temperatures for
17 19 -3the two peak N concentrations, 5 x 10 and 10 cm , is made in
Fig. 5.12. Here the ratio of the 77° K integrated PL intensity of
the implanted region to t he integrated intensity of the etched region
on the same sample is plotted versus isochronal anneal temperature. There
is little difference in annealing behavior between room temperature and
200° C substrate temperatures, except for the PL from unannealed samples.
17 -3Results prior to annealing for the N ~  5 x 10 cm implant (and 
18 - 3N 2? 10 cm which is not shown) indicate that less lattice damage
Figure 5.12 Isochronal annealing of the photoluminescence intensity (ratio
of integrated intensity of the implanted region relative to the
etched region on the same sample, 77°K) for GaAs P (x=0.37)1-x x
implanted with nitrogen at room temperature, 2Q0°C, or 500°C to 
the indicated peak concentration.
In
te
gr
at
ed
 I
nt
en
si
ty
 R
at
io
88
89
results from 200° C implantation compared to room temperature implantation.
However, annealing to 500° C is sufficient to eliminate the difference
in intensity, and the annealing proceeds essentially identically for the
higher temperature anneals. This same effect is observed for samples
19 -3implanted to a peak concentration of N ~  10 cm , Comparisons 
between room temperature and 200° C implants for fluences not shown 
in Fig, 5,12 also indicate only very small differences in annealing 
behavior.
The annealing behavior of the 500° C implants is drastically
different. For unannealed samples, the PL intensity is about three
orders of magnitude greater than for the corresponding room temperature
implant. This provides clear evidence of much lower levels of
implantation-induced damage. Much of the lattice damage is annealed
oduring the implantation process. Isochronal annealing of the 500 C 
implanted samples produces an asymptotic approach in intensity to that 
of the nonimplanted regions.
The PL spectra of these 500° C nitrogen implanted GaAs^ ^P^ 37 
samples are anomalous, in that no evidence of NN pair luminescence is 
observed for any anneal condition. It is clear, however, that 
implantation was actually accomplished. The fact that unannealed 
samples exhibit intensity degradation proportional to fluence indicates 
the expected implantation-induced damage. In addition, GaAs^ P^ ^
samples implanted during the same run do show strong NN pair 
luminescence, as will be discussed in Chapter 6 , These observations
90
provide sufficient evidence that N was indeed implanted into the
GhASq 63^0 37 samples„ Thus, for some reason the N atoms implanted
at 500° C do not produce pair luminescence for this composition, even
though essentially all the lattice damage has been removed.
A possible explanation for this anomalous behavior involves
enhanced diffusion of the implanted N atoms in the region of implantation
induced damage. This would lead to a broad N concentration profile with
correspondingly reduced peak concentration. When regions several microns
deep are etched on the unannealed GaAs P samples implanted at0 . 630.37
o 19 -3500 C to a peak concentration N ~ 10 cm , the resulting surfaces
are rough and pitted. Such features are not observed after etching
of samples implanted to the same fluence at room temperature, even
though the lattice damage revealed by PL is much greater for the room
temperature implants, This observation of preferential etching suggests
that damage has diffused deeply into the crystal during the 500° C
implant.
Deeply diffusing defects have been observed for Cd and Zn
implantations in GaAs at 400 and 500° c ^,88,89 Defects were observed
to depths from several microns to several tens of microns following
o 15 88 89annealing at only 600 C. ’ ’ Such defects were not observed
89following room temperature implants. The defect species has been 
identified as an arsenic vacancy.^ I t  is reasonable to assume 
that the N atoms implanted at 500° C diffuse and substitute at As 
vacancies which are distributed deeply into the sample. If the
91
17 "3resulting N profile has a peak concentration less than 10 cm , 
nitrogen-induced luminescence will not be observed. In addition, all 
the hot implants tend to produce nonuniform PL intensities across the 
sample surfaces, which may be related to defect diffusion.
Implantation-damage production mechanisms may be studied 
by observing the dependence of sample luminescence on implant fluence. 
Fig. 5.13 displays integrated PL intensities (normalized to an 
unannealed N-free sample) as a function of nitrogen concentration 
(or fluence) for both room temperature and 200° C N implantations.
Only band-to-band emission is observed for the anneal temperature shown, 
which correspond to the region of gross lattice damage removal. Data 
for both implant temperatures are plotted only for unannealed and 500° C 
annealed samples. The data points for the 200° C implant are not 
shown following the 600 and 700° C anneals, but follow the room 
temperature curves very closely.
In general, the curves of Fig. 5.13 fit the empirical formula
jen.(I/I ) = ¿nP - y^n F (5-3)o '
or taking exponentials
I/I s 3F~y (5-4)
where I/I is the normalized PL integrated intensity, F is the implant 
fluence, and (3 and y are empirical constants. Except for a few 
departures, the curves tend to follow equation 5 -3 with y ~  0.5 , for
Figure 5,13 Fluence (or peak nitrogen concentration) dependence of the 
integrated photoluminescence intensity (77°K) for GaAs^ 
(x=0.37) implanted with nitrogen at room temperature or 20Q°C 
and annealed isochronally to the indicated temperature. 
Intensities are normalized to that of nonimplanted, N-*free 
material.
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14 -2fluences up to 2.5 x 10 cm . The flattening out of the curves
20 -3for the highest fluence (N ~  10 cm ) indicates a saturation in 
damage, which may correspond to the formation of an amorphous region. 
After annealing to 700° C, the lightest implant begins to saturate in 
intensity as most of the lattice damage has been removed.
Higher fluence regions of the no-anneal curves show 
significant departure from the power-law constant seen for other 
anneals. The step portions of the curves for both room temperature 
and 200° C implants fit equation 5-3 with y = 1.8, This indicates 
a much higher rate of damage production for implanted N concentrations 
above 10^  cm  ^at room temperature, and above H O ^  cm at 200° C.
It is interesting that the 200° C implant extends the initial damage 
production mechanism an order of magnitude higher in fluence. Annealing 
during the 200° C implantation is expected to reduce the implantation- 
induced damage rate.
Similiar power-law dependences for PL degradation as a
22 23function of implantation fluence have been reported for GaAs ’
9and GaP. Channeling measurements of lattice damage tend to indicate
90 91similiar relationship between damage and fluence. ’ In these
91 2 223experiments, values for y from 0.33 to 1.0 ’ have been observed.
For two of the experiments, the damage production was observed to
22 90increase for higher fluences, * similiar to the no-anneal results
presented here. Measurements of damage versus fluence following 
annealing have not been reported by other workers.
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In a detailed discussion of PL degradation due to neon
23implantation in GaAs, Summers and Miklosz have developed a model 
describing PL yield as a function of fluence, which predicts ai relation 
of the form of equation 5-3, Each incident ion is assumed to create 
a cylinder of damage, with effective diameter ct, along the ion track. 
Within this cylinder the PL efficiency is reduced to zero. Using 
this model, the authors were able to derive an expression for the 
ratio of quantum efficiency in implanted material to that in 
undamaged material as a function of fluence and damage cylinder 
diameter (cr) , The functional form of this expression is the same 
as equation 5 -3 with Xnj3 « 1/g and, for the case of complete overlap 
of the optical absorption profile and the damaged layer, y = l.
The value of y is reduced for incomplete overlap.
The results presented in Fig. 5.13 for N implants yield 
y ~  0,5, Data for neon implants in the same material (not shown in 
Fig. 5,13) yield curves with y on the order of 1,3. Evidently y 
depends on the incident ion species, i.e, on the damage production 
per ion, since the N and Ne implants have approximately the same 
damage profiles. For the Ne implants, the PL intensities for a given 
anneal temperature are displaced to lower intensities compared to N 
implants, since a is greater for Ne and thus j£n(3 is reduced.
The fact that the curves maintain the same slope as 
annealing progresses to 700° C indicates that the assumed damage 
model may still apply throughout the anneal region where gross lattice
96
damage is removed,, The vertical shifts in intensity (i.e, SLn|3) imply a 
reduction in the value of a, the effective damage cylinder diameter. 
This model seems reasonable particularly for fluences which do not 
produce a continuous amorphous layer; for such fluences the individual 
ion tracks anneal independently. For anneal temperatures above 700° C 9 
the intensity versus fluence curves flatten out as the intensities 
approach the intensity of undamaged material. After anneals above 
800° C, luminescence from the implanted nitrogen atoms produces 
enhanced intensities. Fig. 5.9 displays the fluence dependences of 
integrated PL intensity for implanted N and Ne following the optimun 
high temperature anneal.
5.6 Effect of Annealing Ambient
An investigation of annealing in different ambients may 
help determine the cause of the observed degradation in band-to-band 
luminescence after high temperature open-tube annealing. In addition, 
the optical activation of the implanted nitrogen atoms may be better 
understood,
Single 30-minute, 950° C anneals were performed in flowing
Ar, in an evacuated silica ampoule, and in ampoules containing Ga or
As vapor. The Ga and As vapors were provided by including small
amounts of the pure elements. Phosphorus overpressure anneals were not
performed. Oxide passivation was required for all the anneals to
prevent surface decomposition. GaAs^ ^ P q 3-7 samples implanted at
18 - 3room temperature to a peak N concentration of 10 cm were employed
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in these anneals.
The resulting PL spectra are displayed in Fig. 5.14. The 
dashed curves show the band-to-band (T) emission from the etched region, 
and the solid curves show the PL spectra from the implanted region 
for each sample. It is apparent that different annealing ambients 
produce significant changes in the resulting PL spectra. The 
emission intensity from N-free regions varies by a factor greater 
than five, and the spectral shapes of emission from the implanted 
regions change considerably. These changes may be discussed in 
terms of defect equilibria and diffusion properties of the semiconductor- 
oxide-gas system.
Reactions at the oxide-semiconductor interface should be
92described by the usual defect equilibria equations. In particular, 
the concentration of Ga vacancies in the semiconductor is proportional 
to the As concentration at the interface, and vice versa. In addition, 
a high Ga or As concentration at the interface prevents outdiffusion.t 
of the respective element.
Concentration gradients in the oxide layer are established
by Ga and As vapor pressures at the oxide-gas interface and by the out-
diffusion of Ga and As from the GaAs., P . Gallium is known to have1-x x
78a large diffusion coefficient in SiO^ and has been found to out-
79diffuse readily into SiC^ layers on GaAs. The diffusion coefficient 
of As in SiO^ is much smaller, but is probably higher in the deposited 
SiO^ films used here than in the more dense thermal oxides on silicon. 
Arsenic outdiffusion has been measured in SiO^ films on GaAs, although
98
Figure 5„14 Photoluminescence spectra (77°K) of GaAs^ P (x=0„37) implanted 
with nitrogen at room temperature to a peak concentration of 
10^ cm  ^and annealed at 950°C for 30 minutes in (A) flowing 
Ar in an open tubes (B) an evacuated ampoules (C) an ampoule 
with Ga vapors and (D) an ampoule with As vapor. The dashed 
curves are spectra from the nonimplanted etched region,, and the 
solid curves are spectra from the implanted region.
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the concentration was considerably lower than the Ga concentration in
u . „  79the oxide.
Escape of As and Ga from the oxide surface should be enhanced
in vacuum and may be inhibited by the presence of atmospheric gas
pressures. At the 950° C anneal temperature, the vapor pressure of
-4Ga in the ampoule is about 2 x 10 torr*whereas the As vapor pressure 
is several atmospheres.
The behavior of the N-free spectra (dashed curves in Fig. 5.14)
may be explained with reference to the above discussion. The greatest
PL intensity is observed for the sample annealed in Ga vapor. For this
case, diffusion of Ga from the ambient through the oxide prevents
outdiffusion of Ga from the GaAs, P . Any increase in the As
1-x x
vacancy concentration in the GaAs, P due to the increased Ga
1-x x
concentration at the interface does not appear to degrade the
luminescence. Only slightly weaker in intensity is the spectrum from
the sample annealed in the open tube in Ar, Ga and As may outdiffuse
into the oxide, but escape from the oxide surface may be difficult. An
equilibrium Ga concentration in the oxide is probably established,
which then prevents further outdiffusion. Considerably weaker in
intensity is the emission from the sample annealed in As vapor. Any
increased As concentration at the GaAs, P surface due to diffusion
1-x x
through the oxide causes increased Ga vacancy formation. However, Ga 
escape from the oxide surface may be inhibited by the high As vapor 
pressure. Emission is weakest from the sample annealed in vacuum.
*
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Gallium may readily outdiffuse through the oxide and escape from the oxide
surface, resulting in a continuous increase in the Ga vacancy concentration
in the GaAs, P . These observations establish that Ga vacancy 1-x x
formation due to outdiffusion through the SiO^ passivation is
responsible for the degradation of T emission from annealed GaAsrt ,„P-0.630.3/
samples.
The nitrogen pair luminescence intensity in the implanted 
regions is also a function of annealing ambient. Anneals performed 
in vacuum and in Ga vapor exhibit the highest optically active nitrogen 
concentrations. These anneal conditions produce the largest As 
vacancy concentrations in the GaAs^ x^x * Increased As vacancy 
concentrations facilitate subsitution of the implanted N atoms onto 
the correct lattice sites, as observed. The Ga vapor anneal shows a 
slightly stronger T peak than for the vacuum anneal since Ga out­
diffusion is prevented in this case. Annealing in As vapor produces 
the weakest NN-^  pair emission, which is expected since the minimum As 
vacancy concentration (and therefore N substitution) is produced. In 
addition, the increased concentration of Ga vacancies tends to degrade 
the luminescence. Samples annealed in open tubes produce fairly 
strong NN^ emission and in addition show NN^ and T emission, indicating 
generally good crystal quality but somewhat lower optically active N 
concentration than for the Ga vapor anneals.
For optimum results, annealing with SiO^ passivation should be 
performed in Ga vapor. Both band-to-band emission in N~free material 
and N-induced luminescence in implanted material are maximized for this
102
anneal ambient. However, open tube annealing provides a compromise 
allowing efficient F and NN pair emission without requiring time- 
consuming annealing procedures.
5.7 Etching Studies
Combining PL techniques with thin layer removal allows 
approximate depth profiling of the optically active implanted
impurities and of the implantation-induced damage. This technique,
24 93however, has seldom been employed. s A profile of optically
active impurities or damage can not be obtained directly since the
observed PL depends on the overlap of the excitation photon
absorption and the impurity or damage profile. If the absorption
coefficient for the excitation wavelength is known, the actual
profile may be deduced approximately from the PL profile.
For the direct band gap GaAs~ --P- samples studied here,U, 63 U.3/
the absorption coefficient oi is expected to be on the order of 
4 — 1 o5 x 10 cm at 77 K„ This value is obtained from the absorption
94coefficient in GaAs for an excitation energy 0.57 eV above band gap;
this procedure was used since the 2.54 eV (488.0 nm) laser excitation
is 0.57 eV above the band gap of GaAs~ ,„Prt . The presence of0.63 0.37
optically active N atoms or implantation-induced damage serves to 
further increase the absorption. Since the absorption of the incident 
light is described by
\ -r -cy(x)x r.X(x) = l e  (5-5)
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where X(x) is the light intensity and x is the depth into the crystal, 
the majority of the light is absorbed within a depth l/o;. Thus most 
of the incident photons are absorbed within 0.2 jjjn of the GaAs^ gy
surface.
Depth profiles of PL intensity for annealed and unannealed
samples are shown in Fig. 5.15. The inset curve shows the profile
of NN pair luminescence for the annealed samples, plotted on a linear
scale. This curve was obtained by subtracting the T emission from
the spectra. The samples were implanted at room temperature to a peak
18 -3N concentration of 5 x 10 cm , and the annealed samples received
a single 30 minute, 950° C anneal. The calibrated etching techniques
described in Section 4.3 were used to remove thin surface layers.
Separate samples were each etched for the prescribed time to
eliminate cumulative errors. PL spectra were recorded at depth
oincrements of 550 A,
For the unannealed samples, the PL in Fig, 5.15 is completely
quenched until 0.11 jj,m are removed. Band-to-band emission is
observed for all succeeding anneals, with rapidly increasing intensity
from 0,11 to 0.44 |jm. At a depth of 0,44 ^m the intensity has reached
the level of undamaged material where it remains for all further etches.
The effect of the damaged region is twofolds photons which are
absorbed in the damaged region produce excess carriers which recombine
nonradiatively, and luminescence which is produced by photons which
9,10manage to penetrate the damaged region is strongly reabsorbed by 
the damaged region before escaping the crystal.
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Figure 5.15 Depth dependence of the integrated photoluminescence intensity
(77°K) for GaAs1 P (x=0.37) implanted with nitrogen at room 
1 " X  x _g
temperature to a peak concentration of 5 x 10 cm . The dashed 
curve shows the intensities for no anneal, while the solid curve 
shows intensities following a 30-minute, 950°C anneal. The inset 
shows the NN pair intensity only as a function of depth, following 
the 30-minute, 950°C anneal.
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95The damage profile for this implant is predicted to peak
at a depth of 0,32 pm with a straggle of 0.067 pm. Thus the damage
is reduced to about 10% of its peak value at a depth of 0,45 pm.
Since the PL intensity has completely recovered by 0.44 pm, the
unannealed damage profile is at least as shallow as its calculated
profile. Anomalous damage diffusion which has been observed for
91room temperature implantation in GaAs is evidently not occurring 
for nitrogen implants in GaAs.. P . The slight plateau in the curve
L "  X  X
for the unannealed sample appears to correspond to the peak of the 
damage profile, where the defect density is nearly constant.
The effects of N-induced luminescence dominate the spectra 
of the annealed samples as etching proceedesthrough the implanted 
region, and some NN pair luminescence is visible to a depth of 
0.5 pm. That portion of the total integrated intensity which is 
due to N-induced luminescence may be determined by comparing the 
total luminescent intensity curve with the NN pair curve, The 
theoretical nitrogen profile has a projected range of 0.353 [am and 
a straggle of 0.108 pm (Fig. 4.1). The peak intensity of the 
observed NN pair emission should occur when the N peak is about one 
absorption length below the surface. Maximum NN pair emission is 
observed after etching 0.16 pm from the surface. If the absorption 
length is taken to be 0.2 pm, Fig. 5.15 indicates that the peak N 
concentration is located about 0.36 pm below the surface. This is 
in excellent agreement with the calculated N profile.
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The implanted nitrogen enhances the PL efficiency for depths 
less than 0.25 pm, but beyond this depth the emission intensity is 
depressed and does not recover completely by 1.0 p,m. A 507o degradation 
in intensity is observed at a depth of 0.5 pm where NN pair luminescence 
is negligible, and the degradation persists well beyond the calculated 
damage profile. Part of this degradation is due to Ga outdiffusion i 
during the anneal. PL intensities from N-free annealed samples show 
a surface degradation of 25%, and some reduction of intensity to etch 
depths of 1.0 pm. This degradation, however, does not explain the 
observed 50% degradation in the annealed implanted samples. Apparently 
defects diffuse out of the implanted region during the anneal and 
produce nonradiative recombination centers at depths up to 1 .0 pm.
Results in this chapter indicate that optimum annealing 
procedures include the followings a single high temperature anneal, 
preferably at 950° C; an anneal time longer than 30 minutes to allow 
the nitrogen optical activity to saturate; and a surface etch 
following the anneal. If all these procedures are followed, 
the resulting PL intensities for nitrogen implanted samples should 
be considerably improved over the intensities reported here.
5.8 Electron Channeling Patterns in the SEM
Electron channeling patterns (ECP*s) are produced when an
electron beam scans a crystal surface at angles large compared to the
Bragg angles. Bright-to-dark contrast is obtained in the back-
4scattered electron image each time a Bragg angle is traversed.
The resulting image displays lines and bands which are determined by
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the crystal structure. Implantation-induced damage reduces the contrast
of the ECP, since the crystal perfection is disturbed. Completely
disordered or amorphous material should produce no pattern at all.
Fig. 5.16 shows the ECPs obtained from undamaged and
nitrogen implanted GaAsQ ^ P q 37 crystal-s* The pattern from the
nonimplarited ^ sample displays sharp lines and bands with high
contrast; the four-fold symmetry of the (100) crystal surface is
evident in the pattern. The ECP from the implanted and unannealed
sample still shows a recognisable pattern, with reduced sharpness
and contrast, even though the peak implanted N concentration 
20 -3is 10 cm . This fluence is 20 times greater than that required
to completely quench photoluminescence.
The scanning electron beam penetrates only a shallow
oregion of the crystal surface (< 100 A) in producing the ECP. Since
the damage profile is peaked at a depth of 0.32 p,m, the surface of
the implanted crystal should be etched to bring the more heavily
damaged regions to the surface where the resulting ECP would
characterize the region of greatest damage. Such a layer removal
technique has been applied in profiling damage in ion implanted 
96silicon. However, this layer removal technique was not attempted 
here since PL techniques are much more convenient, sensitive, and
quantitative.
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Figure 5.16 Electron channeling patterns obtained from
A. Undamaged GaAs P (x=0,37)
A. **X X
B. GaAs1 P (x=0.37) implanted with nitrogen
" X  X
at room temperature to a peak concentration
f in20 " 3 o 10 cm
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6 . EXPERIMENTAL RESULTS: INDIRECT COMPOSITIONS
6.1 Isochronal Anneals, Nitrogen Implantations
Nitrogen implantations have been studied in indirect GaAs. P
1"X  x
crystals with compositions x = 0,49;, 0,50, 0.65, and 0.87. Photo-
luminescence spectra for these samples are recorded at 4.2° K; such low
temperatures are necessary to obtain reasonable intensities from N-free
and damaged crystals with indirect compositions. Photoexcitation with
3 2the 488.0 nm laser output was provided at a power density of 5 x 10 W/cm .
Typical PL spectra obtained from isochronally annealed GaAs^ ¡.P^
samples are shown in Fig. 6.1. These samples were implanted at room
19 -3temperature to a peak nitrogen concentration of 10 cm . Spectra
following the 600, 700, 900, and 950° C anneal stages are shown, and
the bottom curve displays the spectrum from N-free nonimplanted material.
The luminescence in the N-free material apparently results from
bound exciton recombination at neutral Te donors (Te ) with an LA phonon
97 53replication 31 meV lower in energy. Onton and Foster' have reported 
similiar spectra from sulfur doped indirect GaAs. P crystals at 4.2° K.
A. “ X  X
The shallow donors S, Se, and Te are assumed to have similar impurity
screening and central cell corrections and thus should have similiar
binding energies. With increased pump power, the near band edge free
exciton emission E appears, establishing the Te binding energy atgx
19 meV. Similiar spectra are observed in the other n-type, N-free
indirect GaAs. P crystals at 4.2° K,
J- “X  X
Ill
Figure 6»1 Photoluminescence spectra (4.2°K) of GaAs^ ^P^ (x=0.50) implanted
with nitrogen at room temperature to a peak concentration of 
19 -3
10 cm and annealed isochronally to the temperature indicated» 
The bottom spectrum is from nonimplanted, N-free material»
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In the data for direct compositions (Chapter 5), luminescence
due to optically active N was not observed until after the 800° C
anneal stage» In that case the efficient band-to-band recombination
17 -3competes for excess carriers, and N concentrations less than 10 cm 
can not be detected. Unlike the direct composition case, N-induced 
luminescence is observed in this indirect crystal at the anneal stage 
where measureable emission is first produced (600° C for the implant 
of Fig. 6.1).
In Fig. 6.1, the PL'spectrum following the 600° C anneal stage 
exhibits a very weak Te^ peak, and is dominated by a broad lower-energy 
peak. Comparison of the spectral shape and location of this peak with 
spectra from material of a similiar composition with N incorporated 
during growth (Fig. 3.9) confirms that this peak is NN pair emission.
As the anneal temperature is increased to 950° C, the intensity of the 
NN pair emission grows rapidly and continuously. No significant spectral 
changes are observed as annealing progresses. The peak of the NN pair 
luminescence shifts slightly to lower energies as the annealing proceeds. 
This shift suggests an increase in the optically active N concentration 
and the formation of more closely spaced, lower energy nitrogen pairs.
The increase in intensity of the implanted and annealed samples compared 
to the N-free material is dramatic.
Fig. 6.2 exhibits PL spectra for GaAsA _PA _ samples implanted
U . 3  U.D
at room temperature to various peak nitrogen concentrations and annealed 
isochronally to 950° C. The dashed curve again indicates the spectrum 
from nonimplanted. (N-free) material. Observed NN pair luminescence
114
Figure 6.2 Photoluminescence spectra (4.2°K) of GaAs P (x=0.50) implanted
JL " X  X
with nitrogen at room temperature to the indicated peak 
concentration and annealed isochronally to 950°C. The dashed 
curve shows the spectrum of nonimplanted3 N-free material.
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intensities are proportional to the implanted N concentration up to 
18 “310 cm s whereupon further increases in fluence have little effect
on the PL intensities. This saturation of intensity may mean that the
18 -3optically active N concentration does not increase beyond about 10 cm 
Alternatively, the optically active N concentration may still be 
increasing, but the excitation power may be insufficient to saturate 
the higher concentration of NN pairs.
The isochronal annealing behavior of the room temperature 
nitrogen implantations in GaAs^ ^Pq is summarized in Fig. 6.3. In 
this figure the integrated intensities of the implanted samples are 
normalized to the intensity of PL from a sample of similiar composition 
(GaAsn / P , ) with N doping accomplished during growth. All
implanted samples exhibit NN pair emission with no other spectral features. 
The effect of annealing on the conventionally doped sample is shown by 
the heavy solid line. Similiarly, the effect of annealing on PL 
intensities from the N-free GaAs^ ^P^ samples is shown by the dashed 
line.
The degradation in NN pair emission intensity with annealing
for the sample doped during growth is less severe than the degradation
observed for band-to-band emission in direct GaAs-. rrtP_ 0_ . Evidently0.63 0.37
the N-induced luminescence is less sensitive to degradation from Ga
vacancies than is band-to-band luminescence. The nonimplanted N-free
material suffers very rapid degradation with annealing. This appears to
indicate that this GaAsA cPn _
0 . 3  U . 3
crystal is not of high quality, as will
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Figure 6.3 Isochronal annealing of the integrated photoluminescence 
intensity (4.2°K) for GaAs^ (x=Q.5Q) implanted with
nitrogen at room temperature to the indicated peak 
concentrations. The dashed curve displays the annealing 
of a nonimplanted, N-*free sample, while the heavy solid 
curve displays the annealing of a conventionally N-doped 
sample (x-0.505). Intensities are normalized to that of 
the unannealed, conventionally N-doped sample.
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be discussed shortly.
No luminescence can be detected for any N implanted GaAs_ _P_0,50.5
samples prior to annealing. Weak NN pair emission is observed for the 
lighter fluences after the 500° C anneal, as shown in Fig. 6.3. Emission 
from samples annealed to 600° C is inversely proportional to the implant 
fluence (and thus lattice disorder) as observed for direct compositions. 
The annealing curves for GaAs P (Fig. 6.3) and GaAs_ __Pn __
(Fig. 5.7) are essentially parallel in the 500-700° C temperature region, 
indicating that the same lattice reordering process is occurring. 'This 
is expected since gross lattice damage is annealing at these temperatures 
in each case.
There is evidently a maximum optically active N concentration
which may be incorporated at a given anneal temperature. The PL
17 3 ointensity for the N ^  10 cm implant degrades for anneals above 700° C,
which may indicate a saturation of the optically active N concentration
at that temperature. The decrease in PL intensity for further anneals
is apparently due to thermal degradation, and appear to be similiar to
the degradation in N-free material. The sample implanted to 5 x 1017
”3 , 0cm produces greater PL intensity than the lighter implant at 700 C
and saturates in intensity at a temperature 100° C higher. Evidently a
17 -3nitrogen concentration on the order of 5 x 10 cm may be incorporated 
at 800 C. All the other fluences reach their maximum intensity at 950° C
or higher.
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All the anneal curves show an increase in intensity for the
950° C anneal stage. This anneal may remove distortion and strain from
the vicinity of substitutional N atoms, allowing them to become optically
17 -3active. The behavior of the N ~  5 x 10 cm curve supports this 
conclusion, since the substitutional N appears to have saturated at 
800° C. PL intensities from the samples annealed to 950° C are generally
18 _3proportional to implant fluence, except for the N ~  10 cm sample 
which, when annealed to 1000° C, produces NN pair intensity nearly as 
strong as the annealed sample with N incorporated during growth.
Any nonradiative recombination due to residual implantation
damge has a more deleterious;1 effect on PL intensities at 77° K. At
o 184.2 K, the integrated intensity of the best annealed sample (N ~ 10
cm ^, 1000° C) is 49% of that observed from a conventionally N-doped
and unannealed comparison sample. At 77° K, however, this same annealed
sample is only about 7% as intense as the comparison sample. Thus, there
is considerable nonradiative recombination present in the annealed
sample which is revealed at 77° K.
Several annealing properties exhibited in Fig, 6.3 may be
related to the apparent poor quality of this particular crystal. An
unannealed, N-free sample of this GaAs^ ,-Pq  ^crystal produces only
1.7% of the PL intensity of another N-free GaAs„ P,Pn crystal. When0.57 0.49
photoexcited, the former crystal emits light only at the point of laser 
excitation, whereas the latter glows brightly over the entire sample 
surface. All other indirect crystals studied produced similiar overall
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luminescence. Annealing to 800° C produces an order of magnitude 
degradation in the N-free PL intensity for the x = 0.5 crystal, whereas 
the other indirect crystals studied degrade by only about 30% with 
annealing to 950° C.
The rapid PL degradation with annealing in the temperature 
range where Ga outdiffusion is not significant may involve aggregation 
or clustering of defects within the epitaxial layer. The resulting 
defect complexes then may act as nonradiative recombination centers.
This process would also be operative in implanted material and may explain 
the downturn in the low fluence annealing curves and the precipitous 
drop for some of the 1000° C anneals. In addition, the defect clusters 
would prevent efficient luminescence from the annealed samples at 77° K.
In order to isolate the annealing effects due to crystalline
19 ~3quality, implants with peak nitrogen concentration N ~  10 cm were
made into the high quality GaAs P , crystal at room temperature
and at 500° C. The annealing properties of the room temperature implant
are quite different from the corresponding implant in the x = 0.5
crystal. For the higher quality crystal, bound exciton recombination at
neutral donors is observed without annealing and persists in the spectra
until the 900° C stage. In contrast, no luminescence could be detected
until the 600° C anneal for the GaAs„ _PA _ samples with the same peak0.5 0.5
N concentration (Fig. 6.1). Integrated PL intensities for the implanted 
x - 0.49 samples are nearly 100 times stronger for the initial anneal 
stages. After the 1000° G anneal, the PL intensity is 1.5 times the
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intensity of the unannealed conventionally doped GaAs^ 505
comparison crystal, and 3 times the intensity of the best implanted 
sample from the GaAsQ  ^ crystal. At 77°,K, the PL intensity of the 
annealed x = 0,49 sample is about one third of that from the comparison 
sample. There is evidently less residual nonradiative recombination in 
this sample than in the lower quality x = 0,5 implanted samples. This 
study shows the importance of using crystals of equivalent high quality 
for comparing the annealing properties of implanted material and 
obtaining efficient PL,
The GaAs^ ^ P Q samples implanted at 500° C exhibit NN pair 
luminescence at all anneal stages, with 10 times the intensity of the 
room temperature implant prior to annealing. There is little difference 
in annealing behavior for the two implants from 500 to 950° C. After 
annealing to 1000° C, however, the heated implant sample exhibits 33% 
greater PL intensity then the similiarly annealed room temperature 
implant sample. At 77° K, the 1000° C-annealed heated implant sample 
is half the intensity of the unannealed, conventionally N-doped comparison 
crystal, indicating a further reduction in nonradiative recombination.
In contrast to the results for the direct composition x = 0,37 crystal, 
a 500° c implant in this indirect crystal produces a slight improvement 
over room temperature implants in terms of better PL intensities and less 
nonradiative recombination after appropriate annealing. The diffusion 
which apparently occured for the GaAs„ ,0P 0-7 heated implant seems to
be absent in this case. However, as for the direct material, the hot 
substrate implantation causes nonuniform PL intensities across the sample
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surfaces.
Room temperature nitrogen implantations were also performed in
crystals with the indirect compositions x = 0.65 and 0.87. Peak N
concentrations of 1016, 5 x 1017, 1019, and 102° cm 3 were implanted.
These GaAs. P crystals were obtained with nitrogen-doped grown
epitaxial layers which provide an ideal standard for comparison with
the N implanted samples. The N-doped layer was removed by lapping
and etching prior to implantation. Crystals of both compositions
appeared to be of high quality since the N-free spectra were bright
and did not degrade with annealing.
These indirect crystals are translucent since they are grown
on GaP substrates. The sub-bandgap optical absorption due to implantation- 
9 ioinduced damage 3 is readily apparent upon inspection of the implanted
samples. Nitrogen implanted surfaces take on a shiny metallic luster,
and the opacity of this layer increases with the implantation fluence.
14 -2 19 - 3A fluence of 2.5 x 10 cm (N ~  10 cm ) is sufficient to produce
a completely opaque layer. This damage-induced opacity is removed by
annealing, with normal translucency restored by 700° C.
The spectra for the GaAs_ 0_ P n i t r o g e n  implantations consistU.oo U.OJ
of NN pair emission, and are similiar to spectra for the x = 0.50 material 
discussed above. Isochronal annealing properties are also similiar to the 
x - 0.50 samples (Fig. 6.3), but a downturn in intensity is not observed 
for any fluence. All curves increase monotonically to the 1000° C
oanneal: stage. The most intense luminescence after annealing to 1000 C
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19is observed for the sample implanted to a peak N concentration of 10 
-3cm . This sample reaches 60%, of the intensity from the unannealed
conventionally N-doped layers from the same crystal. The samples 
20 -3implanted to 10 cm produce less intense PL, indicating that residual
damage or unincorporated N atoms are degrading the efficiency. A
o 19 -3single 30-minute, 950 C anneal allows the N ~  10 cm implant to
exhibit 10% greater PL intensity than the grown N-doped layers. At
77° K, the implanted sample is 85% as intense as the grown layers.
Optimum annealing procedures would probably enable the implanted
material to produce PL as efficiently as the grown layers at 77° K.
isoelectronic trap in an indirect semiconductor which approaches or 
exceeds the intensity of conventionally doped material. All earlier 
studies of implanted isoelectronic traps in indirect semiconductors
found less than 1% efficiency for PL from nitrogen implanted GaP. The 
highly efficient PL from implanted material reported here demonstrates 
the effectiveness of improved anneal procedures in removing nonradiative 
recombination centers.
are shown in Fig. 6.4. The bottom curve is the N-free spectrum, while 
the top spectrum is obtained from the N-doped grown layer. Spectra
These are the first observations of PL from an implanted
Spectra from the nitrogen implanted GaAs0.13P0.87 sar"Ples
17 20from implanted samples with peak N concentrations of 5 x 10 and 10
-3 which have been subjected to a single 30-minute, 950 C annealocm
are also shown.
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Figure 6.4 Photoluminescence spectra (4„2°K) of GaAs^ ^P^ (x=0.87). The 
bottom spectrum is from nonimplanted, N-free material, and the 
top spectrum is from conventionally N-doped material. The 
other spectra are from samples implanted with nitrogen at 
room temperature to the indicated peak concentration and 
annealed at 950°C for 30 minutes.
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The N-free spectrum has the usual peak (S ) due to bound
exciton recombination at the neutral sulfur donors. LA and TO phonon
replications are observed at lower energies. These assignments are
97based on the respective 31 and 46 meV energies for these phonons.
Free exciton recombination (E ) is observed weakly, and can be
enhanced by higher photoexcitation levels.
Spectra from the conventionally N-doped material exhibits
three peaks due to the presence of the N isoelectronic trap. These
are identified as recombination at isolated N atoms (A), third-nearest-
neighbor pair recombination (NN^), and nearest-neighbor pair recombination 
55(NN^). The peak dominates the spectrum of the sample implanted 
I7 - 3to N ~  5 x 10 cm , but the three N-induced peaks are clearly evident.
20 -3The sample implanted to 10 cm exhibits a spectrum very similiar to
the grown N-doped layer, with an additional faint shoulder due to S .o
Implanted samples do not approach the intensity of the grown layers 
in this case.
The isochronal annealing properties of the room temperature 
nitrogen implantations in GaAsQ ^  are shown in Fig. 6.5. Several
differences between this figure and the annealing curves for the x = 0.37  
(Fig. 5.7) and x = 0.50 (Fig. 6.3) compositions are immediately apparent.
16 _ oThere seems to be no PL degradation for the N ~  10 cm implant,
since the intensity even with no annealing is the same as from non-
implanted N-free material. The intensity decreases slightly with annealing
as a consequence of Ga outdiffusion# No N-induced luminescence is
17 -3observed at any anneal stage. Luminescence from the N ~  5 x 10 cm
128
Figure 6,5 Isochronal annealing of the integrated photoluminescence 
intensity (4,2°K) for GaAs P (x=0,87) implanted with
JL **X X
nitrogen at room temperature to the indicated peak 
concentration. Intensities are normalized to that of 
an unannealed, conventionally N-doped sample.
N
or
m
al
iz
ed
 I
nt
eg
ra
te
d 
In
te
n
si
ty
129
Anneal Temperature (°C) L P -9 4 6
130
implanted sample is weaker prior to annealing, but recovers nearly to 
the intensity of nonimplanted material after the 500° C anneal. Annealing 
to 700 C restores full intensity, but no evidence of N-induced 
luminescence is observed until the 800° C anneal stage. Further annealing
increases the intensity of the NN pair and A line luminescence. For
1 9 " 3  2 0 - 3the higher fluence implants, N ~  10 cm (not shown) and 10 cm ,
luminescence is quenched until after the 500° C anneal. Further
annealing produces monotonie intensity increases up to 1000° C. Again,
N-induced luminescence is not observed until the 800° C anneal stage.
The greatest PL intensity is produced by the sample implanted to 
20 -3N ~  10 cm , but this peak intensity is less than 10% of the intensity 
of the grown N-doped layers. Intensities corresponding to single 30- 
minute, 950° C anneals are also shown in Fig. 6.5. At 77° K, the best 
implanted samples are less than 1% as intense as the grown N-doped 
sample.
There are two apparent conclusion to be drawn from the data
of Fig. 6.5. The first concerns the less severe PL degradation with
implantation-induced damage. The second involves the apparent high
solubility of N in this composition, as deduced from the lack of intensity
saturation for the heavier fluences and the relative weakness of the 
20 -310 cm implant compared to the grown N-doped layers. However, both 
conclusions are tempered by the fact that the optical absorption 
coefficient in this composition is much smaller than for the other 
compositions investigated.
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The curves in Fig. 6.5 seem to indicate that an implanted N
16 -3 17concentration of 10 cm produces negligible damage, and a 5 x 10
”3 ocm implant has annealed nearly completely at 500 C. These differences
in annealing may be due in part to the more ionic nature of this
wider bandgap composition. Implanted impurities in certain of the
more highly ionic II-IV compounds anneal at temperatures around
400° C.98’"
•v.. 2o -3The sample implanted to N ~ 10 cm produces the strongest
PL intensities among the annealed implanted x = 0.87 samples, yet falls
far short of the intensity of the grown material. Evidently, the implanted
N atoms are efficiently incorporated into the crystal lattice, since
the highest fluence implant is brightest. For the x = 0.37 composition,
20 -3the 10 cm implants produced severe damage and distortion that could 
not be annealed out, and for x = 0.50 and 0.65, intensities were 
slightly down for this implant fluence. However efficiently ihcorported, 
the implanted optically active N concentration is evidently lower than 
in the grown material.
This conclusion implies that the solubility of nitrogen 
during growth of the epitaxial GaAs1 P layers is a strong function
J- ” X X
of x. At x = 0,37, the grown N concentrations are apparently on the 
17 -3order of 5 x 10 cm ; at x = 0.65, the grown N concentrations are 
19 -3about 10 cm ; but at x = 0.87, the solubility must be greater than 
. 20 -310 cm . These conclusions are made by comparing the PL spectra from 
implanted and conventionally doped samples, where the calculated peak
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N concentration is taken as an upper bound for the implanted samples.
These observations corroborate the results of absorption measurements
for GaP and GaAs, P doped with nitrogen during vapor phase epitaxial
17 - 3growth. Maximum N concentrations of less than 5 x 10 cm have been
58 1rt2Qmeasured in GaAs^ ^ but concentrations in excess of 10
-3 , * ’ 100 cm have been incorporated in GaP. The absorption calibration of
reference 49 has been used in arriving at these figures.
The sensitivity of PL measurements to implantation-induced
damage or optical activity of the implanted atoms depends on the
overlap between the implantation profile and the excess carrier
23distribution produced by absorption of the incident photons. Thus
the absorption length of the incident light is an important parameter.
For the direct GaAs^ ^ P q 3-7 samples, the absorption length is about
0.2 (i,m, which is less than the implanted impurity profile. Thus the
sensitivity to implantation effects is high.
The absorption coefficient for GaAs. _P- _ may be estimated0.5 0.5 y
by calculating the intrinsic absorption for a N-free crystal and 
adding a correction for the increase in absorption due to the presence 
of nitrogen. For the 2.54 eV pump energy, the intrinsic absorption
58
3 -1 101coefficient a is about 3 x 10 cm . The addition of nitrogen 
enhances the absorption by a factor of about 20 at this composition,
4Thus the absorption coefficient for N-doped material is about 6 x 10 
-1cm , implying an absorption length of 0.17 |im. Therefore, the 
sensitivity of PL to implantation effects is also high for this composition.
133
The absorption coefficient in GaAs^ ^P^ gy is considerably
smaller. The intrinsic absorption should be slightly greater than for
GaP for equivalent above bandgap pump energies, since scattering at As
101atoms can conserve momentum in the absorption process. Thé absortion
3coefficient for GaP pumped 0.27 eV above bandgap is about 1.5 x 10
-19 3 - 1cm . A value of oi = 2 x 10 cm may be estimated for N-free
GaÂSQ gy* The effect of N doping on absorption in this composition
range is less dramatic since band structure effects are less important.
Extrapolation from Fig. 3.5 indicates that the absorption may be
3enhanced by the presence of N to a value of approximately, 2-3 x 10 
-1cm . Thus, the absorption length is on the order of 3-5 pm for the
4880 nm excitation used in these PL investigations. Therefore, the
implantation profile overlaps only about 10% of the absorption profile,
and the majority of luminescence is excited in the undamaged region
beneath the implanted layer. Higher energy photoexcitation wavelengths
should be employed to evaluate these far indirect compositions, since
the absorption coefficient would be greater.
As a result of poor overlap of photoexcitation and implant
profile, the insensitivity to damage and N-induced luminescence weakens
the conclusions discussed in conjunction with Fig. 6.5. Additional
support for the importance o£ the absorption coefficient in evaluating
implanted samples is provided by PL results for nitrogen implants in GaP,
20 -3Even for peak N concentrations of 10 cm , no N-induced luminescent 
changes can be detected, other than slight overall degradation that is 
removed by annealing to 700° C. The GaP spectrum is very sensitive to
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the presence of nitrogen, and an implant concentration of 10 cm
surely causes some N doping. Here the absorption length is about
9
12 jam for 488.0 nm excitation and the overlap is so poor that the
presence of the N isoelectronic trap is not detected. It should be
32noted that Merz et al. employed U.V. excitation (0.1 pm absorption
length) in their study of the implanted N isoelectronic trap in GaP.
The GaP results discussed here are not definitive, however, since the
crystal employed was a bulk Czochralski wafer with no epitaxial layers.
6.2 Isochronal Anneals. Neon Implantations
Neon implantations were performed at room temperature in a
GaAsQ 495Po 505 crysta  ^with gtown N doping and in a GaAs^ ,-^ Pq 49
N-free crystal. Fig. 6.6 shows the isochronal annealing behavior
for the Ne implants in the N-doped crystal. NN pair emission is observed
at all anneal conditions, with no spectral changes except for a slight
(11 meV) shift to lower energies for poorly annealed samples. This
shift disappears as annealing progresses, and may be due to the scattering
of excitons into the deeper, more stable pairs by damage perturbations.
The annealing is rapid and monotonic for both Ne implant
fluences. Both curves recover to nearly the intensity of the undamaged
crystal, indicating effective removal of implant damage. The downturn 
I9 “ 3 oin the Ne ~  10 cm curve above 900 C probably is due to poor 
passivation during the anneals. The shapes of these curves are quite 
similiar to the annealing curves for Ne implants in GaAs^ ^ P q 37 
(Fig. 5.8), except that recovery is more complete in this case. The
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Figure 6.6 Isochronal annealing of the integrated photoluminescence
intensity (4.2°K) for GaAs. P :N (x=0„505) implanted with
± “ X  X
neon at room temperature to the indicated peak concentration. 
The dashed curve displays the annealing of a conventionally 
N-doped sample. Intensities are normalized to that of the 
unannealeds conventionally N-doped sample.
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rapid annealing seen between 800 and 950° C for nitrogen implants in
this composition (Fig. 6„3) is not evident here. This seems to indicate
that N stays substitutional during implantation and the recovery of
intensity with annealing is due to damage removal from the lattice.
During the study of neon implantations in N-free GaAsA riP Au.pi.
an unexpected phenomenon was observed. The, implanted samples suffered
the usual PL degradation, and exhibited increasing intensity as
annealing progressed. H o w e v e r » after annealing to 800° C s weak NN
pair luminescence was observed and increased in intensity with further
annealing. Since no nitrogen was implanted in the crystals this light
N doping must have been incorporated during the annealing process.
Evidently the damage produced by the neon implantation aids in the
diffusion of N into the GaAs, P surface.1“X x
Since the S i 0^ films employed for anneal protection are
deposited in a nitrogen carrier g a s s some N atoms apparently become
incorporated in the film. The film then acts as a low concentration
diffusion source of N  atoms. Since N~induced luminescence is not
observed for annealed Ne implanted GaAs. J? , the diffused NU. 63 U.3/
17 "3concentration must be less than 10 cm
6.3 Damage-Enhanced Nitrogen Diffusion
A study of PL combined with layer removal by etching was
undertaken to determine the characteristics of the nitrogen indiffusion.
Identical 60 minute, 950° C anneals were performed on two GaAsA _,PA0.51 0.49
N-free s a m ples, one nonimplanted and the other implanted at room
138
temperature with neon to a peak concentration of 10 cm . The
. ° surfaces were then etched in increments of 525 A, and PL was recorded
after each etch.
Fig. 6.7 shows the PL depth profiles for the nonimplanted and
Ne implanted samples. Only integrated NN pair luminescence intensities
are used for these curves. The nonimplanted sample exhibits very weak
N-induced luminescence, and only for depths less than 0.1 pm. However,
the Ne implanted sample exhibits a relatively strong, deep profile
with a clearly defined buried peak. It is apparent that the damage
from the Ne implant enhances N indiffusion from the oxide layer.
Similiar enhanced diffusion has been observed for other impurities
93 102in ion implanted GaAs, and Si and Ge, This is the first report
of defect-enhanced diffusion of nitrogen.
The peak NN pair emission is expected when the actual N
peak concentration is about one absorption length beneath the surface
(see Section 5.7). Since the maximum intensify is observed at 0.2 pm,
the actual profile must reach a peak at approximately 0.37 pn below
the original crystal surface. The peak of the Ne damage, profile is 
95predicted at a depth of 0,29 pm, but if is likely that the implantation 
damage diffuses during the anneal, producing a somewhat deeper profile. 
Damage evidently diffuses to depths greater than 1.0 pm, since NN pair 
emission is observed to that depth. Although the nitrogen source for 
these diffusions was of low concentration, the enhancement in the N 
profile resulting from the implantation-induced damage is dramatic,
R
el
at
iv
e 
N
N
 P
ai
r 
In
te
ns
ity
139
Figure 6.7 Depth dependence of the NN pair intensity (4,2°K) for GaAs, P
1-x x
(x=0„49) annealed at 950 C for 1 hour. Intensity profiles are
displayed for both a nonimplanted sample and a sample implanted
18 “3with neon at room temperature to a peak concentration of 10 cm
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particularly considering the small diffusion coefficient for nitrogen
in GaAs_ P .
1-x x
The results presented in Section 5.7 indicate that directly- 
implanted nitrogen does not diffuse appreciably from the calculated, 
relatively shallow theoretical profile. However, it is possible that 
enhanced diffusion using deeply penetrating particles (e.g. protons) 
could be employed to produce a much deeper nitrogen profile, compatible 
with junction depths typical in LED fabrication. Such a buried N 
profile could improve the efficiency of an LED which operates on 
N-induced recombination. In this case, the light emitted from the 
active region of the junction would suffer less reabsorption by nitrogen 
states before escaping the crystal.
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7. SUMMARY
Photoluminescence from GaAs P crystals implanted with
JL “ X  X
nitrogen and neon was investigated in this study. The implanted N 
was found to produce spectra confirming the presence of the optically 
active N isoelectronic trap. Implanted Ne was found to produce damage 
that degraded the PL intensities. Implantation-induced lattice 
damage produced no luminescent centers.
Proper annealing procedures were found to be critical in 
obtaining efficient PL from the implanted samples. Films of SiO^ 
deposited by silane oxidation were found to provide adequate protection 
for anneals up to 1000 C. Anneals in As and Ga vapor disclosed that 
Ga outdiffusion into the SiO^ passivation was the primary cause of 
an observed degradation in PL intensities following anneals at high 
temperatures.
Spectra were presented for N implanted GaAs P^ crystals
J-"" X  X
with the direct-bandgap composition x = 0.37. PL from some implanted 
and annealed samples was found to be more efficient than for N-free 
material. In addition, higher optically active N concentrations were 
realized in the implanted samples than have been achieved in convention­
ally doped crystals, as determined by the spectral characteristics of 
the NN pair emission.
Spectra were also presented for N implanted GaAs.. P crystals
J- *" X  X
with the indirect bandgap compositions x = 0.50 and 0.87. For high 
quality crystals, the N implanted samples produced PL as efficient as
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that from conventionally doped layers of the same crystals. The 
overlap between the implanted impurity profile and the optical absorption 
length was found to be important in evaluating the effects of 
implantation by PL methods.
Annealing curves were presented for both N and Ne implants 
in direct and indirect compositions. Much of the gross lattice damage 
was found to anneal by 700 C, but efficient optical activity of the 
implanted N atoms was not observed until annealing to 950° C,
Isothermal anneals established an activation energy of about 0.37 eV 
for incorporation of the implanted N on optically active sites in 
the 700-900° G temperature range. The electron channeling pattern 
technique was found to be very insensitive to lattice damage in 
comparison with PL. Implants into heated crystals were inconclusive.
No advantage was found for implants at 200° C, Contradictory results 
were obtained for 500 C implants in the direct and indirect composi- v..; . 
tions.
Photo luminescence depth profiles were obtained by calibrated 
etching of the implanted crystal surfaces, These studies demonstrated 
that implanted nitrogen does not diffuse appreciably from the 
expected theoretical profile, even with high temperature annealing. 
However, N may diffuse into a crystal from the surface when the 
sample has been previously damaged by a Ne implant, producing a 
deeper profile than the expected Ne damage profile.
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In conclusion, the implanted nitrogen isoelectronic trap has been 
found to produce efficient PL in both direct and indirect GaAs. P compositions,
1 “ X  X
and the implantation-induced damage can be removed by appropriate high 
temperature annealing. Implantation allows accurate control over the 
resulting nitrogen concentration in the crystal; and, in addition, nitrogen 
concentrations in excess of solid solubility may be incorporated. These 
results show that ion implantation may be a valuable aid in research into 
the properties of the GaAs^ ^P^ : N system; and, in general, that applications 
of ion implantation in compound semiconductor device technology should not be 
overlooked.
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